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MOMPARIGON AND DISCUBBION. ......000cccccseases 


INTRODUCTION 


In experimentally attacking the problem of the 
physiology of bird migration it is desirable that there 
be some eriterion for determining the presence or 
absence of the migratory state in caged birds. 

Such a possible indicator may be obtained by 
mechanically recording the daily activity of the birds. 
Birds have long been observed to flutter or hop around 
in their cages at night more or less violently during 
the migratory periods. This nocturnal restlessness 
is the so-called ‘“Zugunruhe” or “Zugekstase” of the 
European ornithologists. Observations of this sort 
were made by Naumann in 1822 (Farner 1950), 
by Eckstrém in 1828 (Wachs 1926), and by Palmén 
(1876) who reported that young migratory birds 
raised in captivity also became restless at the time of 
fall migration. 

Szymanski (1914) was the first to record mechani- 
cally the activity of caged birds and, using canaries, 
indicated four catagories: absolute rest, relative rest, 
slight mobility and lively mobility. Later workers, 
all in Europe, such as Wagner (1930), Palmgren 
(1935a, 1938, 1943a, 1944b), Ahlqvist & Palmgren 
(1935), Siivonen (1936b) and Attila (1937) developed 
apparatuses and methods so that a numerical sum of 
activity for a period of time could be computed. 
These more quantitative methods have made possible 
the measurement of the strength of the “Zugunruhe” 
and the influence of various factors: temperature, 
photoperiod, hormones, nutrition. 

There appears to have been no similar work on 
American birds.2 It has thus been the intent of the 
present experimentally 


investigation to discover 


1 Contribution from University 
of Illinois, Champaign. 

*The recent paper of Farner & Mewaldt (Bird-Banding 24, 
1953: 55-65) appeared after this manuscript went to press. 


the Department of Zoology, 


PAGE 
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whether differences exist between the activity rhythms 
of migratory and nonmigratory species on this con- 
tinent and to determine the influence of temperature 
and photoperiod on these activity rhythms.  In- 
formation thus obtained could then be correlated with 
the yearly activity eyele of the birds under natural 
conditions. 

The English sparrow (Passer 
selected as the nonmigrant because of its availability 
and maintenance in captivity. The white- 
crowned sparrow (Zonotrichia leucophrys), the 
white-throated (Zonotrichia albicollis) and 
the slate-colored junco (Junco hyemalis) were chosen 
Some juncos 


domesticus) was 
easy 


sparrow 


as examples of migratory species. 
winter in the Champaign, Illinois, area but the other 


two species occur only during migration. 

I wish to express my sincere appreciation to Dr. 
S. Charles Kendeigh for suggesting this problem, 
for the loan of the itograph recorders, and for his 
unfailing assistance and encouragement. 


MATERIALS, APPARATUS, AND PROCEDURE 


All the birds used during the course of this study 
were trapped from wild populations on the campus of 
the University of Illinois, Champaign, Illinois. They 
were then placed, for varying lengths of time, in 
60x60x80 em holding cages located in a ventilated 
darkroom where there automatic control over 
the temperature and photoperiod. An average tem- 
perature of 24°C was maintained and unless other- 
wise indicated the photoperiod was 14 hrs. 

In most of the experiments the recording cage that 
held the bird had only the half of the bottom over 
the food dish removed (Fig. 1). These cages were 
made of half inch hardware cloth and measured 26 
em high, 26 em long and 13 em wide. In the earlier 


was 
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experiments (Figs. 2D, 3A and B, 14D, 15A and B, 
16A, C and D) the cage was slightly smaller, measur- 
ing 20x18x13 em and had the entire bottom removed. 
In the first type the cage moved when the bird jumped 
from the food dish to the wire mesh floor over the 
water pan but not in the second type. The food dish 
in all eases was a finger bowl with a diameter of 10 
em, depth 4 em. The cage fitted into a galvanized 
sheet iron pan, 10 em high, which was just slightly 
wider and longer than the cage and allowed for free 
movement of the cage in a vertical direction. This 
arrangement of a moveable cage differed from that 
of previous workers, who used a moveable perch, ex- 
cept Wagner (1930). Jumps on and off the perch 
and other movements were recorded in this cage. 
The cage was suspended by a stiff wire which was 
connected to a wooden peg containing an electric 
contact (Fig. 1). This peg was joined to a spring 
fastened to the arm of a ring stand and moved up 
and down inside a 10x10x15 em wooden block having 
a 2 em hole completely through its length. One nail 
was driven into each of the four sides 6f the block so 
the tip barely projected into the drilled hole. The 


ee 
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Fic. 1. Arrangement of recording cage and electrical 
contact. 








Ecological Monographs 

Vol. 24, No. 1 
heads of the nails were then connected by a wire 
which ran to a series of 1144 volt, 30 ampere, dry 
cell batteries and then to the recorder. The inner 
peg had a diameter of 1 em and was 15 em long. 
A copper band, on the peg, was connected to a wire 
which ran inside the peg and then out to the recorder. 
Thus, when the cage moved up or down, the copper 
band made contact with one of the nail tips, the 
electrical circuit was closed momentarily and a re- 
cording was made. 

Two types of recording devices were used, but both 
worked on the same principle. One type had a metal 
pen attached to the armature of a doorbell so that 
when the electrical circuit was closed the electromagnet 
caused the pen to move downward. When the cir- 
cuit was broken a spring pulled the armature and pen 
upward. The pen containing thick recorder ink thus 
made marks on a vertical sheet of paper moving hori- 
zontally by means of an electric long-armed kymo- 
graph, called a monodrum. The speed of the paper 
was constant and could be regulated. The other type 
of recorder was the clock itograph developed and 
described by Kendeigh & Baldwin (1930). 

The experiments were conducted in three different 
types of chambers. In those experiments conducted 
at temperatures from 5°C to —20°C a chamber with 
inside dimensions of 55x55x50 em was used. The 
front door of this chamber contained six layers of 
separated by partial vacuums. The cooling 
located inside on the two sides, back and top, 
were under thermostatic control. An electric fan 
drew air through the chamber. The chamber was 
lighted by two 150 watt ineandescent bulbs which 
were located just outside of the glass front door and 
gave a light intensity of 20 foot-candles at perch level. 
A time switch automatically controlled the light 
period. The chamber was located in a basement 
darkroom which had no windows and a double set of 


glass 


coils, 


doors. 

For some experiments at medium temperatures the 
birds were located inside of 75x45x45 em glass walled 
chambers, painted black to prevent the birds from 
seeing one another or the experimentor. The top of 
of the chambers was open except for boards holding 
the recording contacts. This allowed a free inter- 
change of air and prevented the accumulation of 
heat. A 25 watt incandescent bulb and socket were 
fastened to one of the top boards and projected into 
the chamber. This gave a light intensity of 10-12 
ft. candles at perch level and was controlled by an 
automatic time switch. Three such chambers were 
located in a small basement darkroom, similar to the 
first. This room had no temperature control but was 
sufficiently well insulated so that the temperature 
throughout the year varied only between 16°C and 
26°C and was relatively constant for weeks at a time. 

Chambers for some experiments carried out at 
temperatures ranging from 10°C to 35°C were the 
same as those last described except on one side the 
glass was removed to facilitate caring for the birds. 
The opening was covered by a dark cloth. Two such 
chambers were used in each of two constant tempera- 
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ture rooms, A and B, as deseribed by Shelford (1929). 
Both rooms were darkened by the addition of asphalt 
paper to the walls but a faint glow was still precepti- 
ble on sunny days. The light period was automatical- 
ly controlled. In room A a 60 watt incandescent bulb 
was so located outside the chambers that it gave a 
light intensity of 14 ft. candles at the perch of one 
cage and 26 ft. candles at the perch of the other. In 
room B a 20 watt white inflorescent tube gave light 
intensities of ten and 17 ft. candles at the perches 
of the two cages. 

For other experiments at temperatures between 
18°C and 36°C two other chambers, C and D, were 
used which have been described as variable tempera- 
ture units by Shelford (1929). These chambers were 
located in a glass roofed house which allowed the 
temperature in the chambers to fluctuate on certain 
days as much as 8°C. The temperature would reach 
its peak in mid afternoon and its low just before 
sunrise, simulating the normal daily outdoor tempera- 
ture rhythm. Experiments were conducted in these 
chambers for comparison with experiments where 
the temperature was held constant. The interiors of 
the chambers were painted black, but this did not 
prevent some extraneous light from entering. In 
chamber C a 60 watt incandescent bulb was used and 
in chamber D a 20 watt white inflorescent light; both 
were automatically controlled. A single recording 
“age was located in each chamber. 

Continuous air temperature recordings were made 
for the majority of the experiments by using two 
Leeds and Northrup Micromax Recorders, one ‘using 
thermocouples, the other resistant thermometers. The 
leads were placed directly outside of the cages con- 
taining the birds. A maximum and minimum register- 
ing thermometer was used for the experiments per- 
formed in the basement darkroom during the spring 
and summer of 1950. 

The food for the birds consisted of a balanced 
diet of baby chick mash (no. 393, College of Agricul- 
ture, University of Illinois). This was readily con- 
sumed and birds maintained on it for two years re- 
mained in good health. Kendeigh (1949) gives a 
chemical analysis of this food. A small amount of 
sand and gravel was added. Food and water were 
changed every two to five days in the holding cages 
and usually every other day in the recording cages. 
The food and water change was made at different 
hours of the day during the course of an experiment 
so that any effects of the disturbance would average 
out in the final analysis. The record of activity dur- 
ing this hour was not included in the averages. 

One hour on the record from the itograph covered 
77 mm of paper while on the electric monodrum one 
hour covered 46 mm. When a bird was very active 
it was impossible to count each activity mark since the 
lines tended to flow together. An estimate of the 


number of marks was made by measuring the length 
of the solid area and dividing that by the width of 
one mark. Thus if there was a solid record of activity 
for one hour on the itograph this was taken as 147+ 
marks while for the monodrum this was taken as 145+ 
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marks for the hour. Since there was also overlapping 
of marks, the plus sign was added to indicate that 
there were more jumps than the 145 and 147 esti- 
mated. Because the paper was moving at a fairly 
slow rate of speed it was possible for the bird to 
jump three or four times, yet the record would show 
only one mark. Even though the monodrum was run- 
ning at a slower speed, the marks made were nar- 
rower, hence the error of overlap was about the 
same. Peaks of activity were underrecorded but low 
activity rates were accurately registered. Each mark 
which was counted or estimated was considered as 
one unit of activity. 

The itograph records were more accurate than those 
from the electric monodrum because it was possible to 
adjust the contact with greater In 
addition, the tapered glass pen of the itograph ended 
in a tubular metal tip that made marks of a uniform 
width. In the case of the electric monodrum the 
metal pen was triangular in cross section and the lines 
varied in width because of differences in pressure. 
This pressure between pen and paper depended to a 
great extent on how close the pen was set to the 
paper. 

In experiments designed to show the effects of 
temperature, a constant photoperiod of 14 hours was 
usually selected, this being approximately the photo- 
period at which the birds migrate. In most experi- 
ments with changes in photoperiod, a_ constant 
temperature of 22°C was used as this is approxi- 
mately the average annual temperature at which 
these birds live. 


sensitiveness. 


EXPERIMENTS 

A. English Sparrow. In North America the 
English sparrow has spread over all the United States, 
much of lower Canada and over northern Mexico. 
Seibert (1949) gives 38°C as the average maximum 
temperature in summer in the southern part of its 
range. Temperatures below 0°C are common during 
the winter months in the northern half of the range. 
Seibert gives the maximum and minimum photo- 
periods as 16.5 and eight hours respectively. The 
breeding season is mainly between April and August. 
Winter plumage is acquired by a complete molt in 
August, September, and October, and there is but 
one molt annually. The testes are small from Octo- 
ber to December with the minimum size attained in 
November. They slowly increase in size during 
January and February but reach their maximum de- 
velopment in late March. A gradual decrease in size 
begins in June (Keck 1934). The black bill of the 
male English sparrow is a secondary sex characteris- 
tic, probably dependent on testicular hormone (Keck 


1932, 1934; Kirschbaum & Ringoen 1936). The yel- 
lowish-brown color of the winter bill of the male 


changes to an intense black during the breeding 
season and this is closely correlated with the develop- 
ment of the testes (Kendeigh 1941). 

To show what effect temperature has, if 
the activity rhythm of the English sparrow, 
of experiments was carried out on a 14 hour photo- 


any, on 


a series 
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period in which the temperatures used varied be- 
tween 32°C and —14°C. 

Bird 1 was trapped April 30, 1949, and kept on 
a 14 hour photoperiod. This male, weighing 30.3 
gms, was transferred to a cage with one half the 
bottom removed in the basement darkroom on March 
17, 1950, where its activity was recorded at 22°C 
with an itograph. Fig. 2C reveals an early morning 
burst of activity that commenced as the chamber be- 
came light, and subsequently a fairly rapid decline. 
There was a small evening peak. Dividing the time 
between March 17 and May 24 discloses that the 
bird showed greater activity during the last month 
and one half than during the early weeks. There 
was no significant nocturnal activity. The bird 
weighed 26.7 gms at the end of the experiment. 
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Fic. 2. Activity rhythm of English sparrows 3 (A- 
B), 1 (C) and 4 (D) at various temperatures on a 14- 
hour photoperiod. The black part of the abscissas repre- 
sents the dark period in all graphs. 


Bird 2, a male trapped April 4, 1949, was held on 
ten hours of light per day until Feb. 23, 1950, at 
which time the photoperiod was decreased to nine 
hours. The bird, weighing 25.4 gms, was transferred 
to the basement darkroom on March 17, 1950, where 
the photoperiod was 14 hours and the temperature 
22°C. An itograph and cage with one half the bottom 
removed were used for registering the activity. 

The activity curve was similar to that of bird 1. 
There was an early morning peak that began when 
the light came on, followed by a continuous decline 
throughout the rest of the light period. No nocturnal 
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unrest was recorded. There was a gradual increase in 
the amount of activity as the days elapsed with the 
greatest increase occurring during the morning. In both 
birds the small quantity of activity during the early 
period of the experiments followed by an increased 
amount during the last two periods probably came 
about because of an adjustment to greater confine- 
ment and isolation. They previously had been in 
larger cages with six or seven other sparrows. These 
birds would remain motionless for many minutes after 
hearing unfamiliar sounds. It was noticed that these 
inactive periods became less frequent and of shorter 
duration, particularly in bird 2, the longer the ex- 
periment was carried on. This mode of behavior was 
not observed in any other birds. 

The gonads were found to be enlarged when the 
bird, weighing 23.2 gms, was killed May 27, 1950. 
The left testis measured 7.7 x 6.1 mm and the right 
7.0 x 5.8 mm. 

Bird 3, a female trapped April 29, 1949, was 
placed in a holding cage on 14 hours of light until 
April 15, 1950 at which time, weighing 25.9 gms, it 
was transferred to constant temperature room A at 
12°C (Fig. 2A). On May 10, 1950 the bird was 
transferred to constant temperature room B at 32°C 
(Fig. 2B). For both these experiments the mono- 
drum and a cage with one half the bottom removed 
were used. Two well defined peaks of activity are 
present in both curves; the morning peak represents 
the more active period. At the higher temperature 
there was less activity during the middle of the day 
but this was compensated for by greater activity both 
earlier and later. The rest period between 11 A.M. 
and 4 P.M. corresponds to conditions found on a hot 
summer day. The total activity at the two tempera- 
tures was equal (779 and 792 units respectively), 
thus for this bird the distribution of the activity 
but not the amount of activity may have been in- 
fluenced by the difference in temperature. There was 
no nocturnal activity. The bird weighed 22.4 gms 
June 17, 1950. 

Bird 4, a male trapped Nov. 1947, was placed in 
a holding cage on 14 hours of light until it was 
transferred to the cold temperature chamber (—12°C) 
Dee. 28, 1947, at which time it weighed 27 gms. The 
bottomless cage and an itograph were used. The 
greatest activity occurred during the first three hours 
after the light came on and was followed by a very 
gradual decline without any peaks of activity (Fig. 
2D). The total amount of activity was low (255 
units) when compared with the other birds at higher 
temperatures and there was no midday lull. Noe- 
turnal activity was absent. The bird weighed 21 
gms when it died Jan. 24, 1948. 

Bird 5, a male trapped in Nov. 1947 and held on 
a 14 hour photoperiod, was tested at —14°C from 
March 11 to 21, 1948. The same chamber, cage, and 
itograph were used as for bird 4. There was less 
activity (181 units) than for bird 4 but the curves 
were similar. There was no nocturnal activity. 
The weight of the bird decreased during the ex- 
periment from 27.3 gms to 23.0 gms. Death oceurred 
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March 21 when the temperature dropped to —25°C. 
At this temperature ten hours of darkness without 
feeding was too extended because experiments have 
demonstrated that the English sparrow will survive 
only about four ‘hours without food at temperatures 
below —22°C (Kendeigh 1945). Although the low 
amount of activity for birds 4 and 5 is similar to 
that of birds 1 and 2 during their first periods, the 
cause was probably not the same. Whereas birds 
1 and 2 showed an increase in activity with the lapse 
of time, birds 4 and 5 showed a slight decrease. 
Probably the low temperature caused the low amount 
of activity. 

To discover if photoperiods longer than 14 hours 
had any effect upon the activity rhythm of the English 
sparrow, a series of experiments was performed in 
which the photoperiod was increased by steps from 
14 to 24 hours. 

Bird 6, a male trapped April 30, 1949, was held 
on a 14 hour photoperiod until the start of the ex- 
periment on Sept. 27, 1949, at which time it weighed 
28.3 gms. The monodrum and a cage with one half 
the bottom removed were used for these experiments 
which were conducted in constant temperature room 
B. The temperature between Sept. 27 and Nov. 27 
was 31°C, between Nov. 27 and Dee. 8 25°C, there- 
after 33°C until the end of the experiment. The 


photoperiod was increased as follows: 16 hours on 
Noy. 4, 17 hours on Nov. 13, 18 hours on Nov. 27, 
, 


19 hours on Dee. 27, 20 hours on Jan. 15 and 21 hours 


on Jan. 29. 
As the photoperiod was lengthened this bird showed 


aymarked peak of activity immediately after the 
light came on in spite of this being at successively 
earlier hours of the day. A second peak developed 
late in the light period probably as a result of the 
very long photoperiod. The increasing photoperiod 
had no marked effect on the total units of activity 
(949, 829 and 1064 at photoperiods of 14, 18 and 21 
hours respectively). At death March 6, 1950, the 
gonads were small, the left testis measured 2.5 x 1.5 
mm, the right 1.9 x 1.1 mm. Aecording to Kirseh- 
baum & Ringoen (1936) the average size of the adult 
left testis in October is 2.6 x 2.1mm. This male had 
retained its horny bill throughout this series of ex- 
periments. 

Bird 7 was a female English sparrow trapped 
April 8, 1949. It was placed in a holding cage on 
14 hours of light for three days after which the light 
was reduced to ten hours which continued until Feb. 
23, 1950. Between the latter date and March 7, 1950, 
the bird was kept on nine hours of light. On March 
7 the bird replaced bird 6 in room B (33°C) which 
had a photoperiod of 23 hours. This was increased 
to 24 hours on March 20. On contiunous light the 
largest peak of activity, reaching 82 units, occurred 
shortly after 2 A.M. and was probably a carry-over 
from the time the bird was on the 23 hour photo- 
period when the light was turned on at 2 A.M. The 
lowest period of activity, reaching 32 units, occurred 
during the normal daylight hours between 6 A.M. 
and 5 P.M., interrupted by a small peak of activity 
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at noon. The bird weighed 28.5 gms March 7, and 
25.2 gms April 6, 1950. Due to the escape of the 
bird, the size of the ovary was not measured. 

Birds 8 to 17 were trapped in November, April 
and May and the experiments were conducted from 
January through May. Although the records obtained 
on these birds were terminated by the death of the 
birds in six days or less and hence do not present a 
normal activity picture, they are of value in sub- 
stantiating the fact that English sparrows do not 
exhibit nocturnal unrest. The records for these ten 
birds included both adult and immature birds of both 
The photoperiod in all eases was 14 hours and 
temperatures varied between 12° and —12°C, with 
eight of the records between —5° and —12°C. The 
birds trapped and tested in April and May were 
undoubtedly in or near the breeding condition. 

Discussion and Summary. The data collected to 
demonstrate the effect of temperature on the activity 
of the English sparrow showed insignificant in- 
fluence except at temperatures of —12° and —14°C 
where a definite decrease in activity occurred. Dif- 
ferences at higher temperatures were probably due 
to individual idiosynerasies of the birds. 

It is noteworthy that not one English sparrow dis- 
played any significant nocturnal activity. The curve 
of diurnal activity showed an early morning peak 
followed by a rapid decline at all except extreme low 
temperatures. Bird 3, which was the only female 
used at the 14 hour photoperiod, was the only one to 
exhibit also a well developed evening peak. Bird 1, 
a male, showed a small one. 

The experiments performed to demonstrate the in- 
fluence of extra long photoperiods on the activity of 
the English sparrow revealed that at photoperiods 
of 21 and 24 hours there was a greater amount of 
total activity but no inerease in the hourly average. 
The activity on continuous light was fairly evenly 
distributed but did show two main peaks with a 
smaller one in between. There was no period of rest. 
The photoperiod appeared to have no effect on the 
activity in the other experiments. 

B. White-crowned Sparrow. The eastern white- 
crowned sparrow breeds over much of the eastern 
provinces of Canada as far north as the tree limit. 
It winters primarily west of the Appalachians from 
the Ohio Valley south to the Gulf of Mexico. Spring 
migration occurs mainly during the latter half of 
April and the month of May while fall migration 
takes place during late September and October. The 
range of maximum photoperiods for the breeding 
area is between 16 and 21 hours with nine to ten hours 
minimum for the wintering area. The average breed- 
ing temperature for mid-July is between 6° and 
16°C. The average wintering temperature for mid- 
January is 0° to 14°C. These figures were approxi- 
mated largely from data given by Seibert (1949). 
The breeding season is in late June and July. The 
first winter plumage is by partial postjuvenal molt 
completed by early September before the bird leaves 
the nesting ground. The first breeding plumage is 
by partial prenuptial molt, chiefly on the head, from 


sexes, 
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December to April. The adults have a complete 
postnuptial molt which begins in August and may 
also have some molt about the head in spring, as in 
the young (Forbush 1929). 

Although only two white-crowned sparrows were 
used during the course of this study the total number 
of recordings was over 500 days. Both were kept on 
a 14 hour photoperiod while in holding cages before 
being used for experiments. 

Bird 1, a male, was trapped the morning of May 
11, 1949. It weighed 36.3 gms when placed in vari- 
able temperature chamber D on May 17, 1949. The 
temperature of the chamber varied between 18° and 
23°C, being coolest during the night and warmest 
during mid-afternoon. After the temperature was 
inereased to 33°C on May 27, 1949, it remained more 
constant. 

On June 23, 1949, the bird was removed to the base- 
ment darkroom where the remaining experiments 
were conducted. On this date the bottomless cage 
was replaced with one having one half the bottom 
removed. The only time during the next 14 months 
that the bird was removed from this cage occurred 
during September 1949 when it was placed in a 
holding cage where a ten hour photoperiod was main- 
tained. An itograph was used for all recordings on 
this bird. 

Fig. 3A, B and C represent periods before, during, 
and after a 10°-12°C increase in air temperature. 
These three graphs as well as all others for this bird, 
with the exceptions of Figs. 3E, 5B and C, indicate 
more activity in the darkness than during the hours 
of light. It is noteworthy that this nocturnal activity 
occurred in a migratory species in marked contrast 
to its total absence in the nonmigratory English 
sparrow. 

Attempts were made to determine exactly what the 
movements of the bird were during the active periods 
at night. After the light went off the bird would 
jump down from the perch to the side of the dish. 
It would then hop about in circles, jumping from 
the side of the food dish to the floor of the cage over 
the water pan and back to the food dish. This was 
determined by the intermittent use of a small flash- 
light containing a red bulb. These movements in the 
dark were at times audible almost continuously dur- 
ing an hour of observation. When the light was 
flashed the bird would be quiet for about 30 seconds 
and then continue the same behavior. These ob- 
servations were made during the active periods (Fig. 
5D). At times the bird would be seen in the food 
dish but it was never seen feeding at night. To de- 
termine definitely whether the bird fed at night a 
weighed amount of food was placed in the cage im- 
mediately before the light was turned off and removed 
15 minutes before the light came on in the morning. 
The food had been previously exposed to the air for a 
week to prevent any moisture loss from interfering 
with the results. A piece of half inch wire gauze was 
bent so that when it was placed in the food dish it 
would remain a fourth inch above the food and thus 
would prevent the bird’s claws from coming into 
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contact with the food, yet would permit the bird to 
feed. Since this precedure was carried out twice 
without any change occurring in the weight of the 
food this was considered to be sufficient evidence that 
the bird was not feeding at night. 

The total number of units per 24 hours during the 
periods shown in Fig. 3A, B and C were 918, 367 
and 806 respectively. The decrease in both diurnal 
(395 to 147 units) and nocturnal (523 to 220 units) 
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activity at the higher temperature was immediate. 
Nightly unrest as well as diurnal activity again greatly 
increased (478 and 328 respectively) when the tem- 
perature was again lowered, although several days 
were necessary. This lag in activity increase may have 
been due to moving the bird to the basement dark- 
room. 

Fig. 3C to F shows effects accompanying a de- 
crease in photoperiod. Although there is some dif- 
ference in the shape of the curves in 3C and 3D, the 
total daily amount of activity remained about the 
same (806 and 838 units respectively) showing that 
the two hour reduction in photoperiod produced no 
appreciable effect. When the photoperiod, however, 
was shortened by another hour (Fig. 3E) the total 
activity became reduced to less than one third (253 
units). Associated with this decrease in activity was 
the onset of molt Aug. 14, 1949. Molting may or 
may not have been induced by the decreasing photo- 
period. The bird weighed 35.1 gms Aug. 31, and 
35.7 gms Sept. 26, 1949. 

Fig. 3F and G represent the period after molting 
and when wild birds were in fall migration. Fig. 
3F appears to represent a transition stage of restless- 
ness which reaches full expression (3G) with the 
marked increase of nightly unrest (357 to 563 units). 
As the photoperiod was still further reduced from 
ten hours to seven hours (Fig. 3G to J) there fol- 
lowed a decrease in the nocturnal activity (397, 267 
and 138 units) and a slight increase in the diurnal 
activity (49, 60, 101 and 76). It is possible that 
this series of graphs represents the waning of the 
nightly unrest associated with autumn migration. 

The experiments shown in Fig. 4A to F were de- 
signed to test the plasticity of the activity rhythm 
and the adjustability of the bird. The hght period 
per “24 hours was divided into two periods, with the 
second light period being gradually increased to 
equal six hours, the same as the first. There was a 
general increase in activity (532, 702, 698, 960, 1435 
units) as the total duration of light was gradually 
increased from seven to 11 hours. A decline in activi- 
tv (1295 and 921 units) was noted with the further 
increase in the photoperiod to 12 and 14 hours (Figs. 
4F and 5A). These changes in total activity were 
evident both during the light and dark periods. 

The increase in the total daily light from seven to 
11 hours may have produced physiological changes 
similar to those that occur normally during the spring 
inigration period. If so, these were produced in 
spite of the light period not being continuous. As 
early as Feb. 2, 1950, this bird gave short whistles. 
The total light period at that time had been increased 
from ten to 11 hours. On Feb. 9, this bird was in 
full song. It sang as often as seven times in one 
minute, and continued to sing throughout February. 
On the evening of Feb. 18, one half hour after the 
light had been extinguished, the bird sang several 
times. It is well known that this species often sings 
during the night. There was decreased singing dur- 
ing the first two weeks in March, however, on March 
10, the bird sang 15 times between 10:05 A.M. and 
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10:08 A.M. The last song was heard on the morning 
of March 16. This decrease in singing was not due to 
the change from two 6-hour light periods to a single 14- 
hour period since the singing had begun to decrease 
before this light change. It was probably caused by 
the same factors that caused the amount of activity 
to decline. 

Fig. 4E and F shows this bird developed a double 
daily rhythm which was obviously related to the two 
daily periods of light and darkness. As this double 
rhythm was developing (Fig. 4A to D) there were 
actually three main peaks of activity; one occurred 
during the normal daylight hours and the other two 
during the two periods of darkness. The one to four 
hours of light during the night (Fig. 4A to D) caused 
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a decline in activity which usually continued after 
the light went off and often several hours were re- 
quired before a maximum was again attained. After 
reaching a peak before 6 A.M. during the second 
dark period the amount of activity dropped off 
rapidly to almost zero for at least an hour before 
the light came on. As five or six hours of light were 
added during the night (Fig. 4E and F) the early 
morning peak was reached at a later hour and thus 
the declining activity never reached this low level 
before the light came on. This caused a fusion of 
the early morning peak of the dark period with that 
of the daytime light period leaving only two peaks, 
each with a maximum during a dark period, and 
reaching the bottom of a trough during the latter two 
hours of a light period. 
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When the lighting was changed from the two 6 
hour periods to a single 14 hour period the bird im- 
mediately responded (Fig. 5A). The bird remained 
very active at night and even though the total noctur- 
nal activity dropped slightly (969 to 813 units) the 
average rate per hour of darkness remained exactly 
the same(81). The diurnal activity decreased to one 
third its former value (326 to 109 units). The ex- 
periments show that the bird could adjust rapidly to 
changes in the light period and that the rhythm was 
not fixed but could be modified to correspond to the 
light schedule. 

Toward the end of March the record showed a rapid 
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reduction of nocturnal unrest. The total units of 
nocturnal activity for March 24, 26, 29, 30, 31 and 
April 1 were 842, 499, 157, 142, 42 and 19 respectively. 
On the night of March 30 there was no activity for 
over five hours. At no time during the previous two 
months had there been as much as an hour free of 
activity during the dark period. April 5 was the 
first night entirely free of activity. During the fol- 
lowing month there was sporadic activity during the 
dark period but this was never extensive (Fig. 5B). 
For a period of 12 nights not one unit of activity 
was recorded (Fig. 5C). With eruptive suddenness 
the bird became active the night of May 17, 1950 
(Fig. 5D), when a total of 213 units was recorded, 
primarily during the first half of the night. The 
next night 589 units were recorded and for three 
weeks following the nocturnal activity remained above 
that level (average of 736 units) before a decline 
again appeared. This decline was initially rapid but 
shortly leveled off and remained approximately the 
same (353 units) until Aug. 7 (Fig. 5E). From the 
latter date until the bird was sacrificed Aug. 27, 
1950, there was a further decrease (152 units) (Fig. 
5F). The diurnal activity varied much less from 
March to August with the per hour average fluctu- 
ating only between four and eight units. 

Concurrent with the reduction of nocturnal activity 
it became apparent on March 30, 1950, that the bird 
had commenced to molt as there were many small 
body feathers on the bottom of the cage. Thus, this 
date was taken as the dividing point between Fig. 
5A and B. On April 17, the new rectrices were 
nearly full grown, the primaries were emerging from 
the sheaths and numerous feathers were in the en- 
closure. By April 23, hundreds of body feathers 
were on the bottom of the cage and the new wing 
coverts were developing. As late as May 11 afew 
loose body feathers were still in evidence but by May 
14, molting appeared to have stopped. The decrease 
in activity during this molt was similar to that which 
occurred the preceding August in this bird. 
Blanchard (1941) found that with the beginning of 
the postnuptial molt, the white-crowned sparrow be- 
comes much less active. This is also well known for 
other species. Lesher & Kendeigh (1941) have shown 
that a decrease in photoperiod can cause molting in the 
white-throated and English sparrows but since there 
had been no decrease in photoperiod for over four 
months and no change in temperature for over nine 
months it is impossible to attribute the molt in this 
white-crowned sparrow to these factors. Wolfson 
(1952) found that the slate-colored junco and the 
white-throated sparrow will molt while on constant 
photoperiods ‘of 154, 20 or 24 hours. The sudden 
outburst of nocturnal activity that appeared on May 
17, and continued into August was apparently initi- 
ated by the completion of the molt. This is in con- 
trast to the gradual onset of nocturnal activity dur- 
ing the preceding autumn after the first molt. 

It appears that the increasing photoperiod from 
7 to 11 hours from Dee. 15 through Feb. 20 caused 
a rapid increase in the nocturnal activity and brought 
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the bird into song. Under natural conditions this 
would probably also have stimulated the bird to 
migrate northward. The subsequent increase of the 
photoperiod to 12 hours and finally to 14 hours re- 
sulted in an inerease of singing and lessened activity. 
The decrease in activity may represent the onset of 
the refractory period that has been described for 
various species of wild birds (Miller 1948, 1951; 
Riley 1936; Kendeigh 1941). As the breeding cycle 
came to a close, molting commenced concurrently 
with a decrease in activity. The explosive outburst 
of nocturnal activity starting on May 17, 1950, three 
days after the last feather was shed, was probably 
measurable evidence that the bird was in a physiologi- 
cal state similar to that of fall migration. The fact 
that the activity decreased in July and August may 
be evidence that the internal stimulus for fall migra- 
tion was being dissipated and the bird was developing 
the wintering condition. 

This white-crowned weighed 31.7 
when sacrificed Aug. 27, 1950. On the right wing 
the first primary was still half in the sheath and the 
second and third primaries were missing. This de- 
ficiency of feathers might have been due to wing 
injury since no other indication of molt was in evi- 
dence and the tail feathers were well worn. Some 
subcutaneous and peri-intestinal fat was present. 
The left testis measured 1.3 x .9 mm, the smaller right 
one was damaged before measurements could be taken. 
These gonads were in the resting condition. This 
fact might substantiate the hypothesis that the 
bird had passed through a state similar to that of 
normal fall migration and was in the wintering con- 
dition when sacrificed. If this be true, then it ap- 
pears that for this species fall migration, as well as 
molting, is able to oceur independent of changes in 
photoperiod or temperature. Wolfson (1952) states 
that although there is some experimental exidence 
of an internal rhythm largely independent of en- 
vironmental factors he believes his experiments on 
summation of day length confirm Burger’s statement 
that “day lengths affect the whole seasonal cycle and 
do not merely fire an internal mechanism which once 
set off is self-controlling.” 

Bird 2, a male (33.5 gms), was trapped the morn- 
ing of May 11, 1949. It was placed in constant 
temperature room A at a temperature of 18°-19°C 
and a photoperiod of 14 hours on July 15, 1949. A 
‘age, having one half the bottom removed, and the 
monodrum were used for recording all experiments on 
this individual. The bird weighed 31.7 gms when 
the first experiment was concluded on Aug. 31, 1949. 
Like bird 1, this one molted during the latter half 
of August 1949, but unlike the first bird there had 
been no decrease in photoperiod. Thus this molting 
after three months on a 14 hour photoperiod is further 
evidence that a change in photoperiod is not neces- 
sary for molting to oceur in the white-crowned spar- 
This bird was not very active, as was true also 
for bird 1, during its two molts. The activity rhythm 
of these two molting birds on a 14 hour photoperiod 
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row. 
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are almost identical in their shape and total units of 
activity (106 and 109 respectively). 

The final experiments on this bird were initiated 
on April 6, 1950, when the bird, weighing 40.0 gms, 
was placed in constant temperature room B at a 
temperature of 32°C and a photoperiod of 14 hours. 
On May 5, the temperature was lowered to 20°C 
and on May 10 the bird was transferred to 10°C in 
constant temperature room A. The bird weighed 32.5 
gms when the experiment terminated on June 17, 
1950. 

At 32°C and 10°C the diurnal activity curves were 
similar to Fig. 3B of bird 1. At both temperatures 
there was unrest (374 and 200 units respectively), 
beginning when the light went off, reaching a maxi- 
mum around midnight, and then declining fairly 
rapidly. 

Discussion and Summary. Fig. 6 represents the 
activity experiments of white-crowned sparrow 1 
from May 17, 1949 to Aug. 27, 1950. Except for the 
indicated photoperiod changes the external conditions 
were relatively constant. 

The curve showing nocturnal activity possesses four 
prominent peaks. As the bird was migrating north- 
ward when trapped May 11, 1949, the first peak oc- 
curred during the latter portion of spring migration 
and what normally would have been the breeding 
for this bird. This high rate of nocturnal 
activity, although continuing during the normal breed- 
ing season, may represent a continuation of the active 


season 


migratory unrest. Wolfson (1940) demonstrated 
that Oregon juncos retained on their wintering 


grounds will migrate in the spring as late as 60 days 
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white-crowned sparrow 1 at 20°C with a 
photoperiod (indicated along abscissa). 
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after their normal date of departure even though 
their gonads have already reached the breeding size. 
Wagner (1930) also found that in caged thorngrass 
warblers (Sylvia communis) nocturnal unrest lasted 
longer than did migration. 

With the shorter photoperiods in August and Sep- 
tember there occurred a marked decrease in nocturnal 
activity associated with molting. With the further 
decrease of the photoperiod to ten hours in October, 
the second peak of nocturnal activity occurred. This 
nightly unrest may be correlated with fall migration, 
but the activity largely disappeared with the reduc- 
tion of the photoperiod to seven hours in November. 
As the photoperiod was lengthened from seven to ten 
hours during December and January there was some 
increase in nocturnal activity but this increase did 
not become pronounced until the photoperiod was 
extended to 11 hours in February. The restlessness 
at night continued at a constant high level until 
April, with the bird singing during the first month 
and a half of this period. This third peak of noc- 
turnal activity probably occurred because the increas- 
ing photoperiod stimulated internal changes similar 
to those during spring migration and the breeding 
season. With the photoperiod maintained at 14 hours 
during April and the first half of May the bird under- 
went a molt and a marked decline in activity. Sud- 
denly as the molt terminated, nocturnal unrest reap- 
peared, forming the fourth peak on the curve. Physi- 
ological changes similar to those of fall migration may 
have occurred after the end of the molt to cause this 
nightly unrest. With the waning of the migratory 
stimulus the nocturnal activity again declined. The 
diurnal activity often appeared to fluctuate inde- 
pendent of the nocturnal activity without apparent 
reason. 

It appears from the limited data that the white- 
crowned sparrow is most active at temperatures near 
20°C and that as the temperature increases to 33°C 
the total daily activity becomes reduced. Both the 
diurnal and nocturnal activity are suppressed by 
the increased temperature. 

To explain the annual cycle of events in the white- 
crowned sparrow the idea of a chain-reaction is postu- 
lated. Herrick (1910) proposes that certain instincts 
of birds are cyclic in nature, one rising as the pre- 
ceding instinct waned. Under normal conditions then 
migration would be followed by courtship and mating, 
nest building, egg laying, incubation, care of young, 
molting and subsequently migration. We know that 
with the increasing photoperiod in the spring there 
occurs psychological, morphological and physiological 
changes in the bird which lead to the northward mi- 
gration. With further increase in the day length and 
initiation of the breeding season the gonads arrive at 
the fully developed state. The next events of molting 
and fall migration can occur independent of any 
change in photoperiod or temperature. Therefore 
they appear to be induced by internal changes. Wolf- 
son (1942) found that an Oregon junco, in early 
February, was able to deposit large amounts of fat 
within a four day period after the photoperiod had 
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been reduced from 15.5 to 10.25 hours. He con- 
cluded that a definite physiological change had been 
produced by the increasing light which persisted even 
after the lapse of the treatment. It is established 
that the gonads of the starling regress after a period 
of peak activity although the day length is still in- 
creasing (Burger 1949). Wolfson (1942) agrees that 
in other species this automatie regression is inherent 
in the endocrine system and is followed by a re- 
fractory period during which the pituitary and gonads 
cannot be stimulated by increases in day length. 
Wolfson (1945) states there is no refractory period 
in the fall in the white-crowned sparrow, based on 
unpublished data in which this species showed defi- 
nite response to an increasing photoperiod started as 
arly as October 18. In other species it is ordinarily 
not over until November. This does not exclude the 
possibility, however, that a short refractory period 
had occurred before this date. 

C. White-throated Sparrow. The breeding range of 
the white-throated sparrow roughly covers the lower 
third of Eastern Canada and the adjacent States. 
It winters from the Ohio River south to the Gulf of 
Mexico, and from the east coast west to Texas and 
Oklahoma. Seibert (1949) gives the maximum 
photoperiods for the breeding range as 15.2 to 17.5 
hours and the minimum values for the wintering range 
as 9.3 to 10.5 hours. Mid-July average temperatures 
are 16° to 21°C and mid-January averages range 
from 0° to 18°C. In a 17-year banding study of the 
white-throated sparrow at East Lansing, Michigan, 
Stack & Harned (1944) found that the bulk of spring 
migration occurred between April 19 and May 19, 
with the peak from May 7-9. The bulk of the fall 
migration was between September 25 and October 
27, with the peak from October 1-3. The breeding 
season is from the end of May through July. The 
adults have a complete postnuptial molt beginning in 
July and extending into late September or early 
October. 

Eleven individual 
periments totaling more than 1200 days. A 
with one half the bottom removed was used for all 
experiments on the first seven birds while the bottom- 
less cage was used with the last four. 

Bird 1, a female, was trapped during spring migra- 
tion on April 27, 1949, and placed in a holding cage 
on a 14 hour photoperiod. On May 3, 1949, it was 
transferred to variable temperature chamber C where 
the temperature dropped to 18°C during the early 
during mid-afternoons. 


white-throats were used in ex- 


cage 


mornings and rose to 26°C 
An itograph was used for recording. 

During the light period the greatest amount of 
activity occurred in the first three hours followed by 
a gradual decrease of activity throughout the re- 


maining hours of light (Fig. 7A and B). There 
was no second peak of activity late in the light period. 

Both graphs reveal nocturnal activity (416 and 
239 units respectively); Fig. 7A demonstrates that 
the activity increased steadily to reach a peak near 
3 A.M. and then dropped off rapidly to near zero 
directly before the chamber became lighted. In Fig. 
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Fic. 7. Activity rhythm of white-throated sparrow 
1 showing the effects of seasonal changes (A to C) and 
of a decrease in photoperiod (C to E). 


7B very little activity is evident at night until two 
or three hours before the artificial light in the morn- 
ing. The shift from the type of curve in 7A to that 
of 7B was progressive and May 29 was chosen as the 
point of division because it allocated the same number 
ot days to each graph. The dates of Fig. 7B repre- 
sent the beginning of the breeding season under 
natural conditions. The early morning peak of 
activity in 7B may have been due to a glow of sun- 
light entering the chamber since the sun rises between 
4 A.M. and 5 A.M. during the months of May and 
June in Champaign, Illinois. The total activity was 
essentially the same in the two graphs (963 and 943 
units respectively) because the diurnal activity in- 
creased as the nocturnal activity decreased. 

On June 23, 1949, the bird was transferred to the 
basement darkroom where the temperature was 23°C. 
All nocturnal activity ceased abruptly (Fig. 7C) while 
the diurnal activity increased (704 to 1087 units), 
especially in the latter part of the light period. 
There were two ill-defined peaks of activity. 

The bird underwent two reductions in photoperiod 
(12 and 11 hours) in August 1949 (Fig. 7D and E). 
There was no nocturnal activity and the diurnal 
activity decreased with the decrease in photoperiod; 
Fig. TE (543 units) disclosed only half the activity 
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of 7C (1087 units). However, onset of molt intro- 
duced a complicating factor. Six days after the 
photoperiod had been reduced from 14 to 12 hours it 
was noticed that the bird was molting. The tail 
feathers were lost on Aug. 9, and the new rectrices 
were nearly full length by Aug. 26. The bird weighed 
23.5 gms May 3, 1949, and 27.1 gms Aug. 31, 1949. 

Bird 2, a male, trapped April 26, 1949, was placed 
in a holding cage on 14 hours of light until June 11, 
1949, when it was transferred to the basement dark- 
room. It remained there with the exception of three 
weeks in September 1949, until sacrificed on March 
17, 1950. The temperature varied only between 19° 
and 24°C during these nine months. An itograph 
was used for recording. 

Between June 11 and July 4 the bird was most 
active during the first few hours of light after which 
the activity declined rapidly, eventually leveling off 
in the late afternoon. The last two hours of dark- 
ness had 17 and 40 units of activity per hour re- 
spectively, somewhat comparable to bird 1. Since 
the bird was in absolute darkness, however, this activi- 
ty is inexplicable as it cannot be attributed to any 
outside light source. It ceased abruptly July 4 and 
the hourly inequality in diurnal activity lessened 
somewhat after that date. The photoperiod was re- 
duced to 12 hours on Aug. 3, to 11 hours on Aug. 13 
and to 10 hours on Aug. 29. There was a continuous 
reduction in total activity (971, 561, 411, 319 units) 
as the photoperiod decreased from 14 to 10 hours. 
As with bird 1 this reduction in activity may not 
have been solely induced by the decrease in photo- 
period. By Aug. 7, 1949, only four days after the 
reduction in photoperiod had begun, this bird was in 
molt and had lost all its rectrices. 

On June 11, 1949, the bird weighed 29.7 gms but on 
Aug. 31, while still in the molting condition, it weighed 
24.3 gms. On the latter date it was transferred for 
three weeks to a holding cage where it remained on 
a 10 hour photoperiod until Sept. 26, 1949, at which 
time it weighed 24.1 gms. This bird probably did 
not completely replace its feathers until October and 
this may account for the decrease in activity that con- 
tinued until Oct. 19 while on the 10 hour photo- 
period. Lesher & Kendeigh (1941) found that the 
total time required for birds to lose their feathers 
and then completely replace them is 65 to 73 days. 

As the photoperiod was further decreased (to 
9 hours on Oct. 19, 8 hours on Nov. 8 and 7 hours on 
Noy. 27) the total amount of activity increased 
rather steadily (319, 362, 435, 478 units). The cause 
for this is not apparent but probably was due to 
termination of the molt. The nocturnal activity was 
insignificant in all although normally this 
species migrates southward during late September 
and October. Palmgren (1943b) has found that some 
birds manifest migratory unrest by an increase in 
diurnal activity without any nocturnal activity. 

Between Dee. 15, 1949 and March 7, 1950, the light 
period was lengthened by hour increments approxi- 
mately every two weeks (Figs. 9 and 10 of bird 3). 
This hour of light was added during the middle of 
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the dark period so that eventually the bird was on 
an alternating 6-hour light and dark schedule. With 
the change from a continuous 7-hour photoperiod to 
one of 7 hours divided into two periods, one of 6 
hours and the other of 1 hour, there was a decrease 
in total activity (478 to 339). 

There was an increase in the total activity (339, 
441, 649 units respectively) as the light was increased 
from 7 to 8 and then to 9 hours. This activity in- 
crease occurred in both the total and in the hourly 
rate. During the dark period the totals were 3, 16 
and 69 and during the light 335, 425 and 580. The 
average hourly units for these periods were 0, 1 
and 5 and 48, 53 and 64 respectively. The total 
light time activity remained constant (580, 582, 572, 
589 units) but the hourly rate decreased (64, 58, 52, 
49) as the photoperiod increased from 9 to 12 hours. 
The dark time activity fluctuated slightly but at no 
time was it very extensive. 

A peculiar behavior began to develop in late Decem- 
ber 1949. The bird would place its head under a 
wing and remain at rest on the perch after the cham- 
ber was lighted at 10 A.M. This habit progressed un- 
til in January it was nearly 10:30 A.M. before the 
bird became active. There were five consecutive days 
at the end of February in which the bird did not move 
from the perch until 1 or 2 P.M. This habit persisted 
even after the bird was placed on a 14-hour con- 
tinuous photoperiod (Fig. 10D). No such behavior 
occurred during the other light period at night, in 
fact the bird had the tendency to be active even be- 
fore the light came on. 


During this series of increasing photoperiods a 
double activity curve developed similar to bird 3 


(Figs. 9 and 10). This double curve disappeared 
immediately on a continuous 14-hour photoperiod 
(Fig. 10D) but activity occurred sporadically during 
the dark period. There was a slight reduction in total 
light time activity with this change in photoperiod 
(589 to 535 units). 

This male was not heard singing at any time during 
the increasing photoperiod as was the case with the 
white-crowned sparrow. The bird, when killed March 
17, 1950, weighed 20.3 gms and had no fat. There 
was no indication of molt. The left testis measured 
9.4 x 6.0 mm and the right one 9.2 x 7.6 mm. It is 
surprising that while the gonads had greatly increased 
in size there had been no preliminary period of 
migratory unrest at night. The low weight of this 
bird may indicate that it was in poor health. 

Bird 3, a male trapped Oct. 9, 1949, during fall 
migration, weighed 26.0 gms and was placed im- 
mediately in the basement darkroom at 20°C on a 10 
hour photoperiod. This photoperiod was a reduction 
since the daylight was close to 12 hours. From this 
time forward, the conditions under which this bird 
was placed were identical with those of bird 2. An 
itograph was used for recording. 

The four curves, Fig. 8A to D, showing activity 
during a reduction in photoperiod from 10 to 7 hours 
reveal an abrupt early morning rise immediately after 
the illumination of the chamber. This was followed 
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by a rapid drop in activity which then leveled off be- 
fore revealing a small peak directly before the termi- 
nation of the light period. In the first three curves 
there was a decrease in the diurnal activity (521, 
397 and 245 units respectively) while in the fourth 
curve, Fig. 8D, there was an increase (404 units). 
The nocturnal activity showed a progressive increase ; 
at first gradual but with a rapid rise on the 7 hour 
photoperiod (7, 18, 22, 133 units). When the bird in 
December was placed on the divided 7 hour photo- 
period both the light time and dark time activity took 
a tremendous jump upward, the light time from 
404 to 718 and the dark time from 133 to 399 total 
units (Fig. 9A). The cause of this increase in activi- 
ty is not apparent. The normal fall migration period 
was over. However, the bird had shown no nightly 
unrest when first captured (Fig. 8A) even though it 
was trapped in October during the southward migra- 
tion period. The activity of this bird was the re- 
verse of that of bird 2, even though they were in the 
same room under the same set of conditions. When 
the photoperiod was increased from 7 to 8 hours the 
dark time activity decreased greatly (399 to 34 units) 
but this had actually begun three days before the 
change in photoperiod. The light time activity 
showed little change (718 to 672). A double activity 
curve had developed immediately as the light period 
was divided (Fig. 9A and B). 

As the photoperiod was increased further, up to 12 
hours, the total light time activity remained relatively 
constant (679, 594, 725, 764) but the bird again be- 
came restless in the dark (0, 61, 241). At first this 
dark time activity took place during the early morn- 
ing creating a curve with three peaks (Fig. 10A and 
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Fic. 9. White-throated sparrow 3 showing effects of 
a divided photoperiod concurrent with an increasing pho- 
toperiod. 


B). Later when the bird was placed on a continuous 
14-hour photoperiod the dark time activity occurred 


during the early night hours (Fig. 10C). This 
nocturnal peak of activity took place at approximately 
the same time that it had been light at night on the 
divided photoperiod. With the change to 14 hours 
of light, the diurnal activity declined (764 to 459) 
as the nocturnal activity slightly increased (241 to 
253). This nocturnal restlessness was probably as- 
sociated with the migratory state induced by the in- 
creased photoperiod. 

When the bird was killed March 17, 1950, it had 
enlarged gonads that were only slightly smaller than 
those of bird 2. The left testis measured 7.7 x 5.8 
mm and the right, although usually smaller, measured 
8.0 x 6.9 mm. This white-throat, similar to bird 2, 
was never heard to sing. These two birds differed 
conspicuously in one physical respect. This bird 
weighed 32.6 gms compared to the 20.3 gms of bird 
2 and had much subeutaneous, pericardial and peri- 
intestinal fat, with a large yellowish liver. Odum 
(1949) found a premigratory weight average of 
30.8 gms for the male white-throated sparrow. The 
lighter bird had no observable fat and had not ex- 
hibited any nocturnal unrest. It has been demon- 
strated by Wolfson (1942, 1945) that only those 
juncos having a considerable deposition of fat mi- 
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Fic. 10. A-C. White-throated sparrow 3 showing 
effects of a further increase in photoperiod. C-D. Ac- 
tivity of white-throated sparrows 3 and 2 respectively 
which had been under identical conditions for the previ- 
ous nine month period. 


erate. Blanchard (1941, 1942) has shown the same 
for the white-crowned sparrows. If it is true that 
a deposition of fat, associated with a weight increase, 
is necessary before the male white-throated sparrow 
is stimulated to migrate then this is further cireum- 
stantial evidence that nocturnal restlessness is a re- 
cordable manifestation of the migratory state. Odum 
(1949) has presented evidence for a sexual difference 
in that many female white-throated sparrows do not 
gain in weight or become fat immediately before 
spring migration. 

Bird 4, a male, trapped May 1, 1949, during spring 
migration, was in a holding eage on a 14 hour photo- 
period until July 15, 1949, when it was transferred to 
constant temperature room A at a temperature of 
18°-19°C and a photoperiod of 14 hours. The bird 
weighed 27.9 gms on the latter date. The monodrum 
was used for recording. The increase of activity dur- 
ing the two hours before the light went on was 
probably due to sunlight filtering into the chamber 
(Fig. 11D). The room was not completely darkened 
until later. The graph shows two well developed 
peaks of diurnal activity. This bird displayed only 
a slight reduction in activity late in August, and there 
was no evidence of molt. This is in contrast to the 
records of birds 1 and 2 which molted and had a 
reduction of activity at this same time after a re- 
duction in photoperiod from 14 to 12 hours. The 
bird weighed 27.0 gms on Aug. 31, 1949. 
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Fic. 11. A-C. Activity rhythm of white-throated spar- 
row 5 under average conditions during the spring. D. 
White-throated sparrow 4 under average conditions dur- 
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Bird 5, a male, was trapped Oct. 30, 1948, and 
placed in a holding cage on 14 hours of light until Feb. 
10, 1949, when it was transferred to variable tempera- 
ture chamber C. Here the temperature fluctuated be- 
tween 18° and 24°C while the photoperiod was 14 
hours. An itograph was used for recording. The 
bird weighed 28.9 gms at the beginning, and 27.5 
gms as the end of the experiment, April 19, 1949. 
All three graphs (Fig. 11A-C) have the usual peak 
immediately after the lighting of the chamber. Noc- 
turnal activity was much in evidence in Fig. 11B. 

The bird was not active at night until February 
18, when there was a slight amount during the middle 
of the dark period (68 units). A rapid increase then 
occurred in the nocturnal activity (451 units second 
night) which remained at a high level (305 units 
nightly average) until about April 9. There was 
very little nocturnal activity between the latter date 
and April 14 and then it ceased completely for the 
rest of the experiment. This nocturnal restlessness, 
probably associated with the migratory state, occurred 
without any change in the artificial 14 hour photo- 
period. A probable explanation is that an increasing 
photoperiod is not necessary to develop the migratory 
state provided it is already long. Wolfson (1952) 
has presented convincing evidence that the summation 
of day lengths rather than the inereasing day lengths 
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may be the critical environmental factor in determin- 
ing the time of migration. The 14 hour photoperiod, 
being longer than the normal photoperiod at that 
time of year, could have brought about the migratory 
state two months ahead of time in this bird. 

This bird was returned to a holding cage to remain 
on a 14 hour photoperiod until transferred to 
constant temperature room A on Sept. 27, 1949, at 
which time it weighed 29.1 gms. The photoperiod 
was 14 hours and the temperature 20°C. The mono- 
drum was used for recording. The graphs in Fig. 
12A to C show a peak of greatest activity in the 
morning and a lesser peak in the late afternoon. 
There was no nocturnal activity. As the temperature 
was decreased to 15°C (Fig. 12B) and then to 10°C 
(Fig. 12C) there was first an activity reduction from 
888 to 751 units then to 536 units. 

With the temperature remaining at 10°-12°C the 
photoperiod was gradually increased to 24 hours. 
On Noy. 4 the light period became 16 hours which 
was increased by one hour on Nov. 13, Nov. 28, Dee. 
27, Jan. 15, Jan. 29, Feb. 15, March 7 and March 20 
(Fig. 12C to F). The early morning and late evening 
peaks disappeared on the 20 hour photoperiod. The 
activity curve on this photoperiod did not begin and 
end abruptly with the daily light changes as is shown 
in the other curves. When the bird was placed on 
continuous light (Fig. 12F) it still remained most 
active during the natural daylight period and 83% 
(599 units) of the total activity (722 units) occurred 
in the 14 hour period between 6 A.M. and 8 P.M. 
The bird weighed 27.4 gms April 6, 1950. 

Bird 6, a female, trapped Sept. 26, 1949, was 
placed immediately in constant temperature room 
A, next to bird 5, and exposed to the same light and 
temperature changes. It weighed 23.8 gms _ indi- 
cating that very little fat deposition was present. 
The monodrum was used for recording. With a con- 
stant photoperiod but a decreasing temperature the 
diurnal activity decreased (784, 605, 598) while the 
nocturnal activity increased (56, 106, 120) (Fig. 13A 
to C). This reduction in diurnal activity is very 
similar to that which occurred with bird 5. These 
three curves on 14 hours show two well-defined peaks 
of activity. Unlike bird 5, this one displayed noc- 
turnal unrest, which may be correlated with its recent 
capture while in the process of migrating southward. 

As the photoperiod was progressively increased 
from 14 to 24 hours there occurred an increase in 
the total diurnal activity (598, 696, 781, 863) but a 
slight decrease of the average hourly rate (43, 39, 
39, 36). The afternoon peak, present on the 14 hour 
photoperiod, disappeared on 18 hours. With 20 
hours there was considerable irregularity but the 
greatest activity still occurred directly after the light 
came on. Fig. 13F is of interest in that the major 
amount (85%) of the activity occurred during a 
14 hour period, similar to bird 5. It is noteworthy, 
however, that the rest period of bird 6 was between 


3 A.M. and 1 P.M. while bird 5 was most active 
during these same hours (Figs. 13F and 12F). 


Furthermore this period of rest was also the time at 
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which this bird had previously been most active (Fig. 
13D and E). 

The day by day record indicates a steady progres- 
sion of the daily activity curve. During the first few 
days of the experiment the rest period took place 
between 3 A.M. and 9 A.M. but by the last few 
days it had moved forward between 7 A.M. and 2 
P.M. This gradual shifting apears to have been due 
to the prolongation of activity at the end of one day 
with a subsequent later initiation of activity the fol- 
lowing day. The relative lengths of the periods of 
activity and rest remained approximately unchanged 
from day to day. Bird 5 exhibited no such drifting. 
Bird 6 weighed 24.5 gms April 6, 1950, at the termina- 
tion of this series of experiments. 

Bird 7, a male, trapped Oct. 20, 1949, was placed 
in a holding cage on 10 hours of light until Feb. 23, 
1950, at which time the light was reduced to 9 hours. 
On May 24, 1950, the bird was transferred to the 
basement darkroom where the photoperiod was 14 
The bird weighed 27.9 gms. An itograph was 
used for recording. Both Fig. 14A and B exhibit two 
well-defined peaks of activity. The total activity 
during the two periods was identical (880 units) but 
a small portion (26 units) of that in 14B was noe- 
turnal activity. Fig. 14C has only the early morning 
peak and the total activity had inereased to 1237 
units. The nocturnal activity which had begun on 
June 2 had increased by July 2 to average 153 units 
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and this continued for the next one and one half 
months. 

On May 28, the bird sang briefly. By June 9, it 
was singing a great deal and on June 12, there was 
an average of one song per minute between 8:21 A.M. 
and 9:07 A.M. with warbling between songs. On 
many occasions there was much vocal competition be- 
tween this white-throat and junco 7 in an adjoining 
chamber. Both birds sang louder and more frequently 
when the other bird was also singing. This singing 
continued to Aug. 16, 1950. The bird killed on Aug. 
27, weighed 32.2 gms, and had a moderate amount 
of subevtaneous and peri-intestinal fat. The feathers 
were worn but there was no molting. The left testis 
measured 9.9 x 7.1 mm, the right 8.6 x 7.6 mm. 
These enlarged gonads would indicate that the bird 
was in the breeding condition while the deposition 
of fat indicates that the energy stored in preparation 
for migration had not been utilized. 

Birds 8, 9, 10 and 11 were maintained at tempera- 
tures near or below 0°C in the cold temperature 
‘chamber. They were on a 14 hour photoperiod at 
all times. The bottomless cage and an itograph were 
used. 

Bird 8 was trapped May 2, 1948, and weighed 27.5 
gms when placed in the chamber at—4° to 4°C on 
June 4, 1948. It died during the night of June 15 
after being extremely active all that day. Most of 
the food had been kicked out of the dish and the 
bird weighed only 19.3 gms on June 16. No record 
of the gonadal condition is available. The usual 
early morning peak is present (Fig. 14D) followed 
by several smaller peaks of activity. There was no 
nocturnal activity. 

Bird 9 was trapped May 2, 1948, and weighed 
25.0 gms when placed in the chamber at —1° to —4°C 
on June 16, 1948. There were two main peaks of 


diurnal activity as well as some nocturnal activity. 
Since this bird and bird 8 were trapped the same day 
during spring migration and were subjected to the 
same photoperiod and essentially the same tempera- 
ture, one would expect their activity curves to be 


very similar. However, this bird was almost three 
times as active as bird 8 (1407 and 501 units re- 
spectively) besides being active at night (90 units). 
This nocturnal unrest occurred the first two nights 
and then ceased. It is possible that the migratory 
urge could have still been present one and one half 
months after the bird had been trapped in migration. 
The high diurnal rate of activity exhibited by this 
bird may have been restlessness associated with the 
migratory urge. The marked change in temperature 
may have been instrumental in causing the change 
from nocturnal unrest to diurnal unrest in this white- 
throat. Bird 9 weighed 21.8 gms June 19 and 22.0 
June 22 when it was banded and released. 
Neither the sex nor gonadal condition was obtainable. 

Birds 10 and 11, trapped Sept. 25, 1947, were 
placed at lower temperatures (—3° to —8°C and 
—12° to —14°C respectively) than either birds 8 or 9. 
Both birds showed a better defined peak of activity 
late in the day than in the early morning and there 


ems 
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was no nocturnal activity in either case. Total activi- 
ty for bird 10 was 458 units and for bird 11 360 units. 
Bird 10 weighed 28.5 gms April 21, 1948, 24.3 gms 
April 23, and 20.3 gms when it died April 25. Bird 
11 weighed 25.0 gms April 15, and 18.3 gms at death 
April 19. It appears that these birds could not adapt 
themselves to the severe change in temperature, and 
the extreme weight loss resulted in death. These 
decreases in weight were slightly greater than those 
obtained by Kendeigh (1945) for this species under 
conditions of starvation. He found that death oe- 
curred at 20.2 gms at —1°C and 21.7 gms at —17°C. 
and Summary. The total units of 
activity per 24 hours for experiments conducted on 
a 14 hour photoperiod for this species reveal that 
the maximum activity (975) oceurred at an average 
temperature of 22°C. At higher (31°C) or lower 
(10°-15°C) temperatures there was a decrease in total 
activity (597 and 681 units respectively). Two ex- 
periments (Fig. 10C and D) representing birds which 
had been on a divided 12 hour photoperiod before 
being placed on 14 hours of light are not included in 
these averages. Despite the fact that the records 
below 0°C are too brief to make any conclusive state- 
ments, the amount of activity in three of the four 
birds was the lowest (average of 440). 
Perhaps the low amount of activity displayed by 
birds 8, 10 and 11 shows lack of adjustment re- 
sulting in death and hence was not normal. The 
greater activity (1407 units) in bird 9 may repre- 
sent adjustment and be correlated with food getting 
rather than with the migratory urge as suggested 
above. 

As the photoperiod was decreased from 14 to 7 
hours there occurred also a decrease in total activity 
until a certain point was reached (10 hours in bird 
2 and 8 hours in bird 3) after which the amount of 
activity increased with a further reduction in photo- 
period. It is improbable that the decreasing photo- 
period was the single cause of the diminished activity. 
Birds 1 and 2 molted coneurrently with the decrease 
in activity. For the white-crowned sparrow a de- 
crease in activity occurred when the bird molted even 
when there was no accompanying reduction in photo- 
period. The same could be true for the white-throat 
and this would account for the later increase after 
molting ceased. Bird 3 was migrating southward and 
the decrease in activity could feasibly have been due 
to the waning of the migratory stimulus and not 
directly due to the shortening day length. There 
was, however, no apparent reason for the increase 
again on seven hours. 

An irregular increase in total activity and a slight 
decrease in ‘the diurnal hourly rate took place with 
the increase in photoperiod from 14 to 24 hours. 
These birds on continuous light were most active 
(85%) during a 14 hour period instead of having their 
activity evenly distributed over the 24 hours. Bird 
6 showed a progressive forward shifting of the 
activity curve during the 24 hour daily eyeles. 

Five white-throats were trapped between April 
26 and May 2, during spring migration. Bird 1 dis- 
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played marked nocturnal activity during the month 
of May and a lesser amount during June. Bird 2 
was not tested until June 11, but showed a small 
amount of nocturnal activity during the remainder of 
the month. Bird 4 displayed no significant nocturnal 
activity when tested between July 15 and August 31. 
Bird 8 was not active at night when tested between 
June 4 and 15, at a low temperature. Bird 9, ex- 
perimented on between June 16 and 22, was active 
only the first two nights; it was extremely active 
‘each day during the light period. These five birds 
demonstrated that there nocturnal restlessness 
during May with a decreasing amount during June. 
This unrest could easily be associated with the spring 
migration which started to wane as the breeding 
season began toward the end of May. 

Some other birds nocturnal unrest 
when tested in the spring or after an increasing 
photoperiod. Bird 2 displayed a small amount of 
nocturnal activity when the photoperiod was pro- 
gressively increased from 7 to 14 hours. This was 
never extensive and probably not true unrest as re- 


was 


also showed 


corded in other birds since it occurred primarily at 
the beginning or end of the dark period and thus 
possibly represented a lack of adjustment to two 
dark periods daily. Bird 3 exhibited a rapid increase 
in nocturnal unrest as the light period was succes- 
sively lengthened from 10 to 14 hours. This bird 
also became excessively fat and had enlarged gonads 
in Mareh. This unrest could 
with the migratory stimulus. 


have been associated 
Bird 2 lacked not only 


the extensive unrest at night but also the deposition 


of fat and under natural conditions most likely would 
not have migrated. Bird 5 trapped October 30, and 
maintained on a 14 hour photoperiod displayed noe- 
turnal unrest between February 18 and April 9 after 
which it ceased. It is not definite that this unrest 
may be correlated with the migratory stimulus since 
the artificial photoperiod had remained unchanged 
but possibly summation of day lengths became a 
critical factor. Bird 7 trapped October 20, and 
maintained on a 10 hour photoperiod until February 
and then on 9 hours of light until May displayed in- 
creasing nocturnal unrest in June and July after the 
photoperiod had been increased to 14 hours. This 
unrest was accompanied by much singing, leading one 
to believe that the migratory phase was in effect. 
On August 27, the gonads were found to be greatly 
enlarged indicating that the bird had possibly been 
in the migratory state in June and July but had 
subsequently passed into the breeding condition in 
August. Nocturnal activity had almost ceased by 
August 23. 

Four birds were measured during the fall migra- 
tory period. Bird 2 after having been trapped in 
April was treated to a step by step decrease in photo- 
period from 14 to 8 hours during the late summer and 
early autumn. No nocturnal activity oceurred at 
any time during the last six months of the year. 
Bird 3 was trapped in fall migration October 9 and 
was investigated immediately. The bird displayed no 
significant nocturnal activity during October or No- 
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vember as the photoperiod was decreased from 12 to 
8 hours. Bird 5, although measured during the 
autumn, had been on a 14 hour photoperiod for one 
year making it impossible to determine the condition 
of the bird. There was no nocturnal activity. Bird 
6 was trapped September 26 and tested at once. It 
displayed an increasing amount of nocturnal activity 
on a 14 hour photoperiod as the temperature was 
decreased from 20° to 15° to 10°C. The lowering of 
the temperature may possibly have increased the 
strength of the migratory stimulus in spite of the 
inerease in photoperiod from the natural 12 hours 
to 14 hours and the waning of the migratory period 
outdoors. 

In conclusion it may be said that although there 
is some possibility that nocturnal unrest occurs during 
the period of fall migration, no certain evidence for 
this was obtained. Likewise there was no indication 
of excessive diurnal unrest during the fall migration 
period as has been reported by Palmgren (1943b, 
1944b) during the spring migratory period for certain 
finches. 

D. Slate-colored Junco. The slate-colored juneo 
breeds from the tree line in Canada south to the 
northern States and in the higher Appalachians. The 
major part of the wintering range covers the eastern 
half of the United States from the southern boundary 
of the breeding range to the Gulf of Mexico. The 
maximum photoperiod at the southern and northern 
boundaries of the breeding area, as given by Seibert 
(1949), is 15.7 and 21 hours and the minimum photo- 
period for the wintering range is 8.8 and 10 hours. 
Seibert gives 20° and 6°C as the mid-July tempera- 
ture averages for the limits of the breeding range and 
14° and —7°C for mid-January in the wintering range. 
The bulk of spring migration is in April and migra- 
tion is usually completed by May 15. Autumn mi- 
gration occurs during late September and October. 
The nesting season is from April 25 to July 1 in New 
England (Forbush 1929). The first winter plumage 
is obtained by an almost complete postjuvenal molt. 
There is no spring molt but the summer plumage is 
the result of wearing away of the brownish tips of the 
winter plumage. There is a complete postnuptial 
molt in the adult starting in late July and continuing 
into September. 

Eight individual juncos were used in experiments 
totaling more than 450 days. 

Bird 1, a male, was trapped in early November 
1948, and exposed to a 14 hour photoperiod at all 
times while in captivity. On Jan. 25, 1949, it was 
placed in the bottomless cage in variable temperature 
chamber D at 18°-20°C. The temperature was in- 
creased to 34°-35°C on Feb. 25, 1949. An itograph 
was used for recording. Both Fig. 15A and B show 
two well-defined peaks, one at the beginning, the other 
at the end of the light period. Nocturnal activity 
was lacking except between 6 and 7 A.M. when early 
morning sunlight diffused into the chamber. Total 
activity (534) was 39% less at 34°-35°C than at 
18°-20°C (845 units). However, molting occurred at 
the higher temperature. Many new feathers were 
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emerging from their sheaths when the bird was found 
dead March 21, 1949. The gonads were quite small. 
The bird weighed 14.7 gms, compared with 18.6 gms 
Jan. 25, 1949, and there was no fat. The molting in 
this bird probably represents the postnuptial molt, 
even though it occurred in March. The bird had been 
on a 14-hour photoperiod for over four months and 
in all probability the gonad evele had run its course. 
What effect the higher temperature may have had in 
causing the molt cannot be stated. 
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Piec;-45. 
1 showing the effects of an increase in temperature. C. 


A-B. Activity rhythm of slate-colored junco 


Junco 2 at a low temperature. D. Junco 5 at an inter- 


mediate temperature. 


The cause of death may have been due to the com- 
bined effect of starvation and dehydration. On 
March 20 after being very active all morning and 
early afternoon the bird became quiet and was found 
late that evening in a state of collapse. Plenty of 
food remained in the dish but the bird had been with- 
out water for many hours due to unavoidable cireum- 
stances. Although water was forced into its mouth, 
death occurred that night. Kendeigh (1945) has 
shown that juneos under starvation conditions die at 
a weight of 14.6 gms at 35°C. Perhaps the lack of 
water interfered with proper feeding. 

Bird 2, a male, trapped Nov. 19, 1948, was kept in 
a holding cage on 14 hours of light until April 6, 
1950, at which time it was transferred to constant 
temperature room A. The temperature was 11°C and 
the photoperiod 14 hours. The bird, weighing 18.7 
gms, was placed in a cage having one half the bottom 
removed and the monodrum was used for recording. 
Fig. 15C displays two peaks of activity. There was 
a total of 853 units of activity but no significant noe- 
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Fic. 16. Activity rhythm of slate-colored junco at a 
moderate temperature and photoperiod. A. Junco 3. B. 


Junco 4. C-D. Junco 5. 


turnal unrest; that shown occurred almost entirely on 
one night, perhaps due to the disturbance of mice. 
Since this bird had been maintained in captivity on 
14 hours of light for 17 months, the annual cycle of 
events may have been altered. In view of data ob- 
tained by Wolfson (1952) showing that slate-colored 
juncos and white-throated sparrows kept on a 9 hour 
photoperiod show premigratory fat deposition and 
marked growth of the testes it is advisable not to 
hold birds in eaptivity for long periods before ex- 
perimenting. 

Bird 3 was trapped in early November, 1948, and 
held on a 14 hour photoperiod at all times during 
captivity. This male weighed 20.4 gms when it re- 
placed bird 1 but at a temperature of 18°-23°C on 
Mareh 23, 1949 (Fig. 16A). This curve exhibits two 
peaks of activity but there is a greater inequality 
between the peaks than is shown in Fig. 15A and B. 
Total activity of bird 3 was slightly less than bird 1 
under similar conditions (729 and 845 respectively). 
No molting was in evidence during the course of the 
experiment. 

Bird 4, a male, trapped in early November, 1948, 
was kept on a 14 hour photoperiod at all times during 
captivity and weighed 19.9 gms when placed in 
constant temperature room B on Aug. 10, 1949, where 
the temperature was 20°C. A cage with one half the 


bottom removed and the monodrum were used for 
recording (Fig. 16B). This graph has the two 


customary peaks with the morning one the highest. 
Total activity was 549 units and there was no noc- 
turnal activity except between 5 and 7 A.M. due to 
daylight leaking into the room. The bird weighed 
20.2 gms on Aug. 31, 1949, and no molting was 
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noticed during the experiment. Normally this bird 
would have molted during August, but on a constant 
14 hour photoperiod for over 9 months, its annual 
cycle must have been altered. 

Bird 5, a female trapped April 5, 1949, was placed 
directly in variable temperature chamber D at a 
temperature of 18°-23°C and a photoperiod of 14 
hours. The bottomless cage and an itograph were 
used for recording (Fig. 16C and D). The usual 
two peaks of activity are not as well-defined on 
these two graphs as on the previous graphs for this 
The first four nights there was no noe- 
turnal activity but then for seven out of the next nine 
nights some occurred (23 units) between 4:45 and 
5:45 A.M. and at no other time. However, on the 
night of April 18, the bird was aetive every hour 
except the first and last. This nocturnal restlessness 
(316 units) continued until the experiment was termi- 
nated May 17, 1949. The amount of diurnal activity 
remained unchanged throughout the experiment (501 
and 491). Some juncos winter in the Champaign, 
Illinois, area but normally they have departed north- 
ward by the first week in May. Since this experi- 
ment was carried out on a bird that should have been 


species. 


flying northward the nocturnal activity may indicate 


a restless state due to the migratory urge. 

The bird’s weight increased from 18.0 gms to 21.2 
gms during the experiment. The latter weight is the 
heaviest recorded for any junco during an experi- 
ment. This correlates with the concept that a heavy 
fat deposition appears prerequisite for spring mi- 
gration in western juneos (Wolfson 1942, 1945). 
Bender (1949) found no evidence of a weight increase 
in 103 slate-colored juncos trapped in New Jersey 
during January and February and concluded that 
there is no premigratory weight increase in this 
(Junco hyemalis). However premigratory 
deposition of fat is not ordinarily laid down until 
shortly before the onset of migration and would not 
be expected two months ahead of time. Wolfson 
(1942) found that one Oregon junco (Junco orega- 
nus) required only four days to develop a heavy dep- 
osition of premigratory fat. Odum (1949) found 
that a week to ten days is needed in the white-throated 
Blanchard & Erickson (1949) found in the 
Gambel white-crowned sparrow that the deposition 
of fat began to appear 12 days before the onset of 
migration. 

On May 17, 1949, juneo 5 was removed to a hold- 
ing cage where it remained on a 14 hour photoperiod 
until Sept. 27, 1949. During this period its weight 
decreased from 21.2 gms to 17.2 gms. On September 
27 it was placed in constant temperature room B at 
27°C for the first week and then at 31°C. The 
photoperiod was 14 hours. A cage with one half 
the bottom removed and the monodrum were used 
for recording. Fig. 15D reveals two well-defined 
peaks of activity. The nocturnal activity shown oc- 
curred chiefly on the nights of October 8 and 29 and 
was undoubtedly due to disturbance by mice. 

Bird 6 was a male, trapped Nov. 19, 1948 and 
kept on 14 hours of light until placed in constant 


species 


sparrow. 
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Fic. 18. Activity rhythm of junco 7 under uniform 
conditions after a previous increase in photoperiod from 
9 to 14 hours. 


temperature room B on a 23 hour photoperiod, Mareh 
10, 1950. The photoperiod which was increased to 
24 hours on March 21 continued until the experiment 
terminated on April 6. The temperature during the 
experiment remained between 32° and 33°C. A cage 
with one half the bottom removed and the monodrum 
were used for recording. 

Fig. 17 reveals that the activity was not extensive 
(243 units) and was more or less evenly distributed 
throughout the 24 hours. This low amount of activi- 
ty may have been due to the high temperature. The 
weight of the bird was 17.1 and 17.6 gms at the be- 
ginning and end of the experiment. 

Bird 7, a male, trapped Nov. 26, 1949, was placed 
in a holding cage on 10 hours of light to develop the 
wintering condition. On Feb. 23, 1950, the light was 
reduced to 9 hours which continued until May 24, 
when it was changed to 14 hours. On May 27, the 
bird, weighing 18.1 gms was transferred to a cage 
with one half the bottom removed in the basement 
darkroom where the 23°C temperature and 14 hour 
photoperiod were continued until the bird was killed 
Aug. 27, 1950. An itograph was used for recording. 
The diurnal activity had two peaks and there was a 
progressive inerease (312, 550, 659 units) until the 
latter half of August when a decrease (426) occurred 
(Fig. ISA to D). There was no nocturnal activity 
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for the first six nights, then on June 2 the bird was 
slightly active from midnight to 3 A.M. The fol- 
lowing night there was activity every hour except 
the last. After that date there was activity every 
night until the termination of the experiment Aug. 
1950. However, after Aug. 19, the nocturnal 
activity amounted to one half its former value (98 as 
compared to 187 units). This nocturnal unrest may 
have been due to the increase in photoperiod from 9 
to 14 hours which is comparable to that found during 
the spring. On many occasions between May 27 
and June 2, this junco was heard warbling. By June 
2 the bird was in full song which continued until 
Aug. 16. This junco and white-throat 7 were often 
heard in vocal competition. By Aug. 22 the bird 
was in the process of molting which would account for 
the decrease in activity. 

On the night of July 6, 1950, an investigation was 
made to determine if this bird was feeding at night. 
The same dish and wire arrangement as described 
for the white-crowned sparrow was used. The total 
weight of the food dish did not change over night and 
there was no disturbance of the food. This was taken 
as sufficient evidence that the bird was not feeding at 
night. 

This junco when sacrificed Aug. 27, 1950, weighed 
19.5 gms and was slightly fat having some sub- 
cutaneous and peri-intestinal fat. The left testis 
measured 2.4 x 2.0 mm and the right 2.1 x 1.7 mm. 
The bird was molting extensively even though it had 
been on a 14 hour photoperiod for three consecutive 
months. 

Discussion and Summary. Every graph that repre- 
sents an experiment on a 14 hour photoperiod with 
the exception of Fig. 16D, has two main peaks of 
activity, one in the morning soon after the light came 
on and the other directly before the dark period. 
The morning peak was usually the most pronounced. 

There was a wide variation in: total activity on a 
14 hour photoperiod in the range of 18° to 25°C. 
This was due to the differences in physiological con- 
dition of the birds at the time of the experiments. 
The average for this temperature range is 600 units 
which is less than the activity at either 11°C (853) 
or 31°C (774). It was greater than the 534 units 
at 34°-35°C. On 24 hours of light at a temperature 
of 33°C there were only 243 units. It is not possible 
to draw conclusions as to the effect of temperature on 
activity in the junco. 

Two juncos, trapped in April, showed nocturnal 
activity, as did another bird held on a low photoperiod 
over winter and then exposed to 14 hours daily begin- 
ning in late May. The unrest in all three birds was 
associated with the spring migratory and the early 
part of the breeding periods. No juncos were tested 
for nocturnal unrest immediately after capture in the 
autumn. 
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COMPARISON AND DISCUSSION 

A. Daily Rhythm. During the light period the 
white-throated sparrow was the most active of the 
four species investigated (776 units; average for all 
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experiments on 14 hours of light irrespective of 
temperature), with the junco (551 units) and English 
sparrow (548 units) being intermediate. The diurnal 
activity of the white-crowned sparrow was low in 
comparison to these other species (191 units). This 
may have been in compensation for the high rate 
(285 units) during the dark period. 

The English sparrow had a pronounced peak of 
activity early during the light period which was fol- 
lowed by a decline that was fairly rapid. One female 
showed a second well-defined peak on two different 
occasions while several others had a very small second 
peak. The diurnal curve of the white-crowned spar- 
row generally showed only an early morning peak of 
activity followed by a gradual decline throughout 
the rest of the light period. The white-throat usually 
also had only the morning peak of activity but in 
some instances a second lesser peak occurred in the 
evening. The junco, on the other hand, exhibited two 
well-defined peaks with the morning one more pro- 
nounced than the evening one. 

These records reflect closely the activity of wild 
birds where most follow a pattern of behavior having 
a peak of activity in the morning and in some eases 
a second peak in the evening. These peaks come dur- 
ing the cooler hours of the day but may not be de- 
termined by temperature. In the present experi- 
ments such daily rhythms occurred under constant 
temperature and thus appear to be inherent and 
capable of only limited variation due to external 
factors. 

Many different bird activities follow this pattern. 
Salyer & Lagler (1940) found peaks of winter feed- 
ing activity occurring in the morning and late after- 
noon in the American merganser (Mergus merganser). 
Lawrence (1950) found two peaks in the daily feed- 
ing activity from June to August in the western grebe 
(Aechmophorus occidentalis). Lees (1948) making 
feeding observations on the European robin (Fritha- 
cus rubecula), blackbird (Turdus merula), and blue 
tit (Parus coeruleus), found almost equal maxima 
in the forenoon and afternoon with a mid-day slacken- 
ing of activity. The mid-day rest period for the 
robin extended for about five hours but was not as 
long in the other species. Baldwin & Kendeigh 
(1938) found that the composite curve of body weight 
in eight species of birds showed a gradual increase 
during most of the morning. After 11 A.M. the in- 
crease was small until 3 P.M. after which the weight 
gain accelerated. This daily rhythm in body weight 
was believed correlated with the rate of feeding. 
They also presented a feeding curve based on data 
furnished by W. H. Long on 422 wild birds in 
Michigan. This curve showed a sharp peak of feed- 
ing between 5 and 10 A.M. followed by a period of 
negligible feeding with a second but smaller peak be- 
tween 4 and 8 P.M. Putnam (1949) found that the 
courtship dance of the cedar waxwing (Bombycilla 
cedrorum) oceurred most frequently in the morning 
two to four hours after sunrise and in the evening 
one to three hours before sunset. Copulation was 
observed most frequently between 5:30 and 9:30 
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A.M. and after 2:30 P.M. Calling was heard fre- 
quently from 4:30 to 9:30 A.M. and from 3:30 to 
7 P.M. with a quiet period during mid-day. Nest 
building activity was most intense during the morn- 
ing; there was a second period in late afternoon. 
Von Haartman (1940) diagramed the daily rhythm 
of the swift (Apus apus) and showed a very distinct 
rest period from 2 to 6 P.M. Palmgren (1932) re- 
corded the number of singing males of various species 


that were heard during the daylight hours. He 
found the maximum peak between 2 and 4 A.M. 


which gradually declined during the day. The second 
highest maximum oceurred at 8 P.M. but dropped off 
sharply with the night. The long day length in 
Finland probably accounted for several small peaks 
during mid-day. Palmgren (1949) found that many 
species display an intense outburst of song in the 
earliest morning hours and have a second less strong 
period of singing in the evening, but are silent in the 
Some species, for instance the grass warb- 
ler (Sylvia borin), and great tit (Parus major), 
omit the evening singing. Wagner (1930) found 
that during the summer the thorngrass warbler (Sylvia 
communis) was not active during the dark period 
but as it became light there was an intense outbreak 
of activity. There was a decrease up to mid-day at 
which time the bird remained relatively at rest until 
a second maximum oceurred between 2 and 4 P.M. 
The intensity of activity declined gradually up to 
the time of dusk but shortly before complete darkness 
there occurred a period of increased activity. Palm- 
gren (1938) recorded the daily activity of three 
European robins throughout the greater portion of 
a year. He later recorded the activity of 12 more 
European robins and four song thrushes (Turdus 
philomelos) over the various seasons (Palmgren 
1944b). From these experiments he found there were 
morning and evening maxima during the winter 
nonmigratory period. The morning peak was general- 
ly broader but less strong than the evening one. 

This study of daily rhythms: of activity showed 
This was the presence of 


afternoon. 


one striking phenomenon. 
nocturnal activity in the migratory species and the 
absence of nocturnal activity in the nonmigratory 
species. 

B. Nocturnal Exeluding the 
period, the white-crowned sparrow was active almost 
every night, and this nocturnal activity was always 
greater than the diurnal activity. The greatest peak 
of nocturnal activity occurred during the time of 
spring migration with a somewhat lesser peak during 
the time of fall migration. The white-throated spar- 
row, in most eases, showed some nocturnal activity 
during the spring migratory period, but this never 
exceeded the diurnal rate. No unquestionable noc- 
turnal unrest associated with autumn migration was 
recorded. The slate-colored junco exhibited nocturnal 
activity during the spring migratory phase which, 
at times, almost equaled but never exceeded the 
diurnal rate. Since most juncos in the fall were 


Unrest. molting 


trapped in November, after fall migration had ceased, 
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no data are available concerning any autumn noc- 
turnal activity. 

In contrast to these three migratory species the 
nonmigratory English sparrow did not develop noc- 
turnal activity during any of the experiments. Sei- 
bert (1949) found that English sparrows weighed 
continuously on their perches during the night re- 
mained stationary for the entire period. 

According to Wagner (1930) not all migratory 
birds are equally qualified for the demonstration of 
nocturnal unrest. Night migrants are, of course, 
the best. Except during the migration period these 
birds sleep during the night. In the ease of day 
migrants the migratory unrest occurs as inereased 
activity during the daylight hours and this makes it 
impossible to separate the “Zugunruhe” from the 
normal diurnal movements. Further he states that to 
show nocturnal the species must be 
strongly migratory, e.g., regularly migrate over long 
distances. This may account for the more extensive 
nocturnal unrest in the white-crowned sparrow and 
slate-colored junco than in the white-throated spar- 
row which has the shortest migratory distance of the 
three. 

Numerous European investigators have recorded 
this nocturnal unrest by mechanical means and have 
regularly considered it as indicating the migratory 
condition in birds. It usually commences with the 
beginning of the true migratory period but lasts 
longer in the caged birds than does migration in wild 
individuals. Prolongation of nocturnal unrest past 
the spring migratory period oceurred in the white- 
crowned sparrow and junco even to the time of molt- 
ing, but was not as extended in the white-throated 
sparrow. 

“Zugunruhe” has been recorded in the following 
species: thorngrass warbler (Wagner 1930), (Wagner 
& Schildmacher 1937); European robin (Palmgren 
1938, 1949), (Putzig 1938), (Schildmacher 1937, 
1938a, 1938b); song thrush (Palmgren 1938), (Si- 
ivonen 1936a) ; warbler (Palmgren 1938) ; 
garden redtail (Phoenicurus phoenicurus) (Sehild- 
macher 1937); spotted flycatcher (Muscicapa striata) 
(Ahlqvist & Palmgren 1935); and Phylloscopus 
trochilus, P. collybita and Hippolais icterina (Palm- 
gren 1934, 1936a). 

All these species are “soft insect eaters” and accord- 
ing to Palmgren (1936a) the insect eaters among the 
small birds appear to be generally night migrants, 
while the “hard seed eaters” move more in the day- 
time. This he believes is confirmed by the behavior 
of the two groups as caged birds, in which the nightly 
unrest is evident especially in the “soft eaters.” Palm- 
gren states that finches are in general day migrants 
although in numerous cases have been observed mi- 
grating by night. That fringillids are largely day 
migrants is not in accord with the belief of Kendeigh 
(personal communique) or the writer. In the day 
migrating Fringillidae the onset of migratory be- 
havior manifests itself as a marked increase in the 
general morning peak of activity (Palmgren 1949). 

Palmgren (1943b) registered the daily activity of 


restlessness, 


grass 
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some seed-eating birds. He observed a female green 
finch (Chloris chloris) and a male mountain finch 
(Fringilla montifringilla), which are essentially day 
migrants, from February 19 to June 14. As spring 
progressed both species showed a marked increase in 
activity in the early light hours which reached a maxi- 
mum in the green finch in early May and in the 
mountain finch in June. Besides this diurnal unrest 
the mountain finch displayed a weak nightly unrest 
in the hours after midnight. Since only bird move- 
ments involving the perch were recorded it is possible 
that this finch was more active during the dark hours 
than was registered. Palmgren (1944b) concluded 
that migratory unrest in day migrants appeared as 
increased mobility in the light period associated with 
only a small amount of night activity. 

In the present investigation the three species of 
migratory birds, all of which were seed eaters, dis- 
played nocturnal unrest without recognizable in- 
creased diurnal unrest. 

Palmgren (1949) found that in many instances the 
approaching outbreak of migratory restlessness an- 
nounced itself a few days before the first night activi- 
ty through a gradual decrease of the daytime activi- 
ty, especially of the evening peak. The first indication 
of the actual onset of the nocturnal unrest was perch 
movements or very short periods of jumps. These 
occurred one to three hours after nightfall (9-11 
P.M.), the time at which the fully developed 
“Zugunruhe” later reached its zenith (Palmgren 
1938, 1949). During the spring migratory period 


the nightly unrest predominated and ordinarily cul- 


minated before midnight after a steep rise. In the 
second commonest type of rhythm the outburst of 
restlessness occurred in the last hours of the night 
and was followed by a short period of sleep just be- 
fore the normal waking hour. In some eases the un- 
rest came directly before the waking hour, while in 
others there were several separate periods of unrest 
in the course of the night. There was an absolute de- 
crease in diurnal activity during the spring migratory 
period in comparison with the nonmigratory period. 
The morning maximum was often maintained, even 
at the height of the migratory period, but the evening 
peak either disappeared or merged with the rising 
nocturnal unrest. There was also a decrease in activi- 
ty during the mid-day hours. The daytime activity 
usually increased again near the end of the spring 
migratory period while the nightly unrest still con- 
tinued. By late June in Finland usually a brief sleep 
period occurred during the middle of the short night 
and the morning and evening maxima developed 
(Palmgren 1944b). The greatest amount of activity 
occurred early in the day instead of in the evening 
as in winter. The onset of nightly unrest in the 
autumn was usually again preceded by a decrease of 
diurnal activity. 

At the beginning of the spring migratory period 
none of my birds showed a decrease in diurnal activi- 
ty immediately before the onset of the nightly unrest. 
Only in the white-crowned sparrow did the nocturnal 
activity exceed the diurnal activity during the spring 


Ecological Monographs 

Vol. 24, No. 1 
migratory period. Palmgren (1944b) found that the 
nightly unrest exceeded the diurnal activity during 
both the spring and autumn migration periods in the 
European robin and song thrush. The white-crowned 
sparrow also showed a definite decrease in diurnal 
activity during the fall migration. The white-throated 
sparrow showed some reduction in diurnal activity 
during the height of spring migration but maintained 
its morning peak. The junco had a slight reduction 
in activity during the spring. In the present in- 
vestigation the evening peak, if present, was never 
higher than the morning one except in three white- 
throated sparrows. 

In contrast to Palmgren’s results, only in white- 
crowned sparrow 1 and white-throat 7 did the first 
nocturnal unrest ever occur at the same hour of the 
night that the peak of unrest later appeared. The 
nocturnal unrest in white-crowned sparrow 1, al- 
though occurring every hour the first night tested, 
culminated at 11 P.M. to midnight during the spring 
migratory period of the first vear (Fig. 3A). During 
the second spring there were two peaks, one at 10-11 
P.M. and a higher one from 4-7 A.M. (Fig. 5A) 
probably due to the aftereffect of the double light 
period. During the first fall migration period there 
was a peak at 7-8 P.M. and a higher one at 4-6 A.M. 
(Fig. 3G). No record was made during the begin- 
ning of this migratory period to record the first un- 
rest. During the second fall period the climax oc- 
curred at 10-11 P.M. (Fig. 5D), the same hour as 
when nocturnal unrest was first recorded. The noe- 
turnal unrest appeared most prominently at 11 P.M. 
to midnight in the spring in white-crowned sparrow 
2. The first night tested the bird was active every 
hour. 

In the spring, white-throated sparrow 1 was active 
every hour the first night tested but the nocturnal 
activity culminated at 3-4 A.M. at the height of the 
unrest (Fig. 7A). White-throats 3 (Fig. 10C) and 
7 (Fig. 14C) reached a maximum between 10 P.M. 
and midnight in the spring while 5 (Fig. 11B) 
reached the zenith at midnight which remained at 
that level until 6 A.M. Bird 3 had been on a double 
light period. Bird 7 first displayed nocturnal activi- 
ty between 10 P.M. and midnight while that of 5 was 
between midnight and 3 A.M. Bird 6 (Fig. 13A-C), 
in the fall, had a peak between midnight and 2 A.M. 
but the first activity was between 10 P.M. and mid- 
night. 

In juneo 5 the first nocturnal unrest took place 
between 5-6 A.M.; later the main peak occurred at 
2 A.M. (Fig. 16C and D). However a small second- 
ary peak was maintained at 5-6 A.M. In juneco 7 
the first nocturnal unrest occurred between midnight 
and 3 A.M.; later the peak was reached just before 
midnight (Fig. 18B-C). 

Thus the majority of this evidence shows that the 
peak of nocturnal unrest does not necessarily appear 
at the same time that the first unrest occurred. 

The data just presented also clearly indicate that 
the greatest nocturnal unrest occurred in most ex- 
periments immediately before midnight. If one can 
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assume that these birds would be in nocturnal flight 
at the time of maximum nocturnal unrest then the 
largest number would be flying just before midnight. 
These nocturnal activity curves show close correla- 
tion with the flight density curves of nocturnal mi- 
erants in Eastern North America as has been plotted 
by Lowery (1951). This correlation substantiates 
the theory that the recorded nocturnal unrest is 
closely associated with the migratory urge. 

Siivonen (1936a) tabulated the number of attrac- 
tion calls of the song and red thrushes (Turdus musi- 
cus) flying overhead between 6 P.M. and 1 A.M. 
during fall migration. He found that the maximum 
movement took place between 10-11 P.M. and dropped 
to near zero by 1 A.M. Simultaneously recording the 
activity of a caged song thrush he found that the 
maximum night unrest took place between 6 P.M. 
and midnight with no activity between midnight and 
4 A.M. Thus this parallelism between the unrest of 
a caged thrush and the strength of the thrush mi- 
eration would indicate a close correlation between the 
two and that the recorded activity of caged birds is 
reliable. 

Palmgren (1938) has shown that at the height of 
the “Zugunruhe” the activity often began to increase 
about one and one half hours before sunset and 
reached a rather high peak before darkness. Ap- 
proximately 40 minutes after sunset a rest pause 
regularly appeared. This pause represented the 
falling asleep of the bird and its length varied, even 
with the same bird, from a complete absence up to a 
duration of three to four hours. In 17 robins, four 
song thrushes and one garden warbler the pause 
lasted between ten minutes and two and one half hours 
before the unrest set in. Toward the end of the mi- 
eration season, nocturnal restlessness in most eases 
followed the diurnal activity without a regular pause 
(Palmgren 1944b, 1949). Ahlqvist & Palmgren 
(1935) in recording the activity of the spotted fly- 
catcher during the fall migratory period found that 
the bird became active at night about one half to 
two hours after the artificial light was turned off. 
Palmgren (1936a) observed during the migratory 
period in Hippolais icterina, Phylloscopus trochilus, 
P. collybita and Muscicapa striata that as it became 
dusk (or when the room was dimly lighted) the birds 
went to sleep at the normal time but after a variable 
period would awake and the migratory unrest would 
begin. Wagner (1930) found that the “Zugunruhe” 
did not extend throughout the entire dark period but 
that in the evening, after dark, and in the morning 
before sunrise, the birds were at rest. In the thorn- 
grass warbler there was a rest period of one half to 
three hours between the evening peak and the noc- 
turnal activity. Most of the nocturnal activity oe- 
curred in the first half of the dark period. In the 
cases of various species of Turdus and in the Euro- 
pean robin, the “Zugunruhe” began with darkness 
so that the diurnal activity extended directly into the 
nocturnal. Lowery (1951) found similar pauses after 
twilight and before dawn during which there were 
few migrants in flight. 
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In the present investigation the white-crowned 
sparrow on many oceasions was at rest during the 
last hour of light and had a rest pause of 20 to 50 
minutes after the light went off before the onset of 
the nocturnal unrest. At the beginning of the spring 
migratory period this sparrow was not active during 
the last hour of darkness, but later this rest period 
was reduced to 15-20 minutes or was entirely absent. 
In spring, the white-throated sparrow usually had a 
rest pause from a half to two hours after thé light 
was extinguished before the onset of the night activi- 
ty. Junco 5 had a rest pause of two to three hours 
after the light went off while junco 7 had an hour 
pause half of the nights and a shorter pause the other 
nights. At the beginning of the migratory period 
both juncos were at rest for the last one or two hours 
of darkness but later this rest period was shortened. 
Thus the present investigation confirms the results of 
other workers in that rest pauses usually oceur be- 
fore and after the onset of the nocturnal activity 
during the migratory period. 

Siivonen & Palmgren (1936) reported that a caged 
song thrush would remain at rest for several consecu- 
tive nights during the fall migratory period. Palm- 
gren (1938) reported that another song thrush dur- 
ing the fall migratory period alternated three or four 
nights of unrest with nights of complete rest. A grass 
warbler and a European robin also had a similar rest 
during the height of fall migration. At the 
time two other European robins had no nights of 
rest. In the present study, once nocturnal unrest 
appeared during periods of migration, there never 
occurred nights entirely free of activity in any of the 
three migratory species investigated. 

In an attempt to discover the etiology of the 
“Zugunruhe” Wagner & Schildmacher (1937) trans- 
ported some thorngrass warblers by boat from Helgo- 
land to Australia. The controls, which had been 
trapped with these in the spring, remained in Helgo- 
land where different individuals began to display 
nocturnal unrest between August 6 and September 
8. The birds taken to Australia did not become rest- 
less until the nights of September 21 and 22 at 
which time nocturnal unrest occurred in all six birds. 
At that time, on the return trip to Germany, these 
birds were at 20°-25°N. Lat. which is the latitude of 
the wintering area of this species. The authors be- 
lieved that there was a correlation between the onset 
of the “Zugunruhe”’ and the attainment of the winter- 
ing latitude but this may have been coincidence. 
These birds had been in the Southern Hemisphere 
where the photoperiod had been increasing for three 
months and the nocturnal restlessness may well have 
been due to the light change. Since the photoperiod 
was increasing this nocturnal activity probably cor- 
responded to the spring migratory unrest and not to 
the fall migratory unrest as in the controls. 

C. Effect of Temperature. The different species of 
birds responded variously to the influence of tempera- 
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ture. The English sparrow was most active at 
temperatures near 32°C and 12°C and least active at 


—12° and —14°C (Fig. 2). At 22°C the two birds 
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abnormal behavior. Since nocturnal 
activity was absent the daily and diurnal hour 
averages parallel each other. In the white-crowned 
sparrow the activity at a temperature of 33°C was 
less than one half that at 23°C (Fig. 3A-C). Other 
than this, it was impossible to ascertain the effect 
of temperature in this species because of the in- 
fluence of other factors. In the white-throated spar- 
row, with the exception of the record at —1° to —4°C 
(bird 9), there was a fairly progressive increase in 
the daily hour average as the temperature was raised 
(15 units at —14°C, 22 at 0°C, 24 at 10°C, 30 at 
15°C, 36 at 20°C and 42 at 23°C). The nocturnal 
and diurnal hour averages appeared to fluctuate in- 
dependent of the temperature. In the junco the 
daily activity was essentially the same throughout 
the temperature range used (36 units at 11°C, 32 at 
20°C, 22 at 24°C, 31 at 30°C and 22 at 35°C). The 
nocturnal and diurnal hour averages showed greater 
fluctuations. 

Other workers have studied the effects of tempera- 
ture on the activity of birds but primarily its in- 
fluence on the “Zugunruhe.” Wagner (1937), using 
song thrushes, collected limited data which indicated 
that as the temperature was increased from 10° to 15° 
to 20°C there oceurred a decrease in the amount of 
nightly unrest. It was not stated during which mi- 
gratory phase this was conducted but there were 
indications that it was during the autumn. This 
species shows nocturnal unrest from early October 
to December 20 (Siivonen 1936a). Siivonen & Palm- 
gren (1936) lowered the temperature six times from 
17° to 12°-0°C. During the first four reductions, 
there occurred at about the same time increases in 
nocturnal restlessness but on December 15-16 and on 
December 25-26 there occurred no nocturnal unrest. 
There had been a gradual decline in nocturnal activi- 
ty since November 23. However there were at least 
three minor peaks of unrest (December 8-9, 10-11 


used showed 


and 17-19) which oceurred during a high uniform 
temperature. The authors concluded that probably 


the migratory unrest was due to an inner rhythm but 
that external factors could influence the periodic 
course of this rhythm. 

Palmgren (1936b) states that under natural con- 
ditions when the kinglet (Regulus regulus) is in a 
disposition to migrate southward, then the stimulus 
of increasing cold places the greater part of the 
population in motion. In the present study, white- 
throated sparrow 6, trapped while migrating south- 
ward, displayed increased nocturnal activity as the 
temperature dropped from 20° to 15° to 10°C. 

Palmgren (1937) found that three caged European 
robins showed a low intensity of nocturnal unrest by 
mid-March. This ceased when the temperature was 
lowered from 20° to 0°C but reappeared strongly 
when the temperature was again increased to 20°C 
at the end of the month. The same results were ob- 
tained when the experiment was repeated in April. 
He interpreted these data as indicating that the 
spring migratory unrest may be released by a 
temperature change from near 0° to 20°C. However, 
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an opposite interpretation also seems possible in that 
the decreases in temperature temporarily inhibited the 
migratory unrest which had already begun in the 
spring. 

In the present study it is shown that an increase 
in temperature from 20° to 33°C in white-crowned 
sparrow 1 caused a in the nocturnal mi- 
gratory unrest in the spring. Thus there may be an 
optimum range of temperatures at which the spring 
migratory stimulus is strong and that extreme high 
or low temperatures reduce the stimulus. 

Schildmacher (1938a) also attempted to show a 
correlation between the onset of spring migratory 
unrest in the European robin and an inerease in 
temperature. However his conclusions are question- 
able because he failed to record the temperature of 
the research room at the time of the experiments and 
used instead the report of a near-by weather station. 
The research room received heat from a chimney 
in the wall but otherwise fluctuated with the outside 
temperature. Four of his birds displayed the onset 
of strong nightly unrest between March 6 and 8 but, 
since his recording for the nights of March 6 and 
7 was imperfect, he discounted these data in his dis- 
cussion. This is important because the temperature 
had decreased from 0° to —4°C during these two days. 
Unrest began in three other birds between March 
8 and 12 as the temperature increased from —3°C to 
3°C. The eighth bird did not reveal any nocturnal 
unrest until Mareh 31. Thus only three of his eight 
birds showed unrest associated with increasing tem- 
perature while four exhibited unrest with decreasing 
temperature. Even accepting his temperatures as 
valid, it is impossible to see how his data indicate 
that the migratory unrest was released by the in- 
creasing temperature. Furthermore the few degrees 
of temperature variation involved could hardly have 
been significant since they are no greater than the 
normal daily fluctuations. 

D. Effect of Extended Photoperiods. The different 
species of birds responded variously to the influence 
of extended photoperiods. The junco experiment on 
continuous light revealed that the activity was never 
very extensive but was fairly evenly distributed over 
the 24 hours. Since this species nests in regions 
having a photoperiod up to 21 hours one might expect 
its activity to be dispersed over a long period. On 
the other hand two white-throats on continuous light 
confined 85% of their activity to a 14 hour period. 
Since they nest at a maximum photoperiod of 17 
hours they would not be aceustomed to a 24 hour 
photoperiod and consequently require a daily rest 
period. An English sparrow having two peaks of 
activity proved to be almost twice as active (1420 
units) on continuous light as the white-throats (863, 
722 units) and six times that of the juneo (243 units). 
Since the maximum photoperiod for the breeding 
range of the English sparrow is 13-16 hours, a long 
period of rest could be expected but it did not ma- 
terialize. During a 14 hour period only 66% of the 
total activity was evident and during a 16 hour period 
only 74%. Thus this English sparrow did not con- 
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fine its activity to a period comparable to the photo- 
period of its range. No white-crowned sparrow was 
placed under continuous light. 

Palmgren (1944a) exposed some birds from June 
7 to 22 to a constant artificial light which was weaker 
than normal daylight, being more like twilight. A 
mountain finch while exposed to this continuous light 
maintained a definite sleep period. This period how- 
ever shifted to 2:30-4 P.M. and tended to be dis- 
continuous and to be shortened. The major activity 
occurred in the seven to eight hours after the awaken- 
ing. In a bullfineh (Pinicola enucleator) and a siskin 
(Carduelis spinus) the sleep period was less fixed 
and long rest periods were lacking. The normal mid- 
day period of relative inactivity was lengthened in 
the bullfinch and in the siskin activity was less in- 
tense and more evenly distributed. In a European 
robin the sleep period was displaced on the second 
day of continuous twilight to the late afternoon hours 
where it remained. Our birds appear to have re- 
sponded in much the same fashion as Palmgren’s. 
The white-throated sparrow, like the mountain finch, 
had a definite rest period. The junco and siskin be- 
haved much alike in that the amount of activity was 
reduced and fairly evenly distributed. 

Only birds in polar regions received 24 hours of 
light. The light intensity in the aretie in mid-summer 
throughout the entire night exceeds the light in- 
tensity at awakening of even the latest rising species 
in Germany (Palmgren 1935b). Almost all the birds 
nesting in northern Lapland have been observed to 
be active even during the dullest hours of the summer 
night. Nevertheless the birds spend some time sleeping 
(Palmgren 1949). The majority of the passerines 
have a major rest period between 6-11 P.M. (Palm- 
gren 1935b). The chaffinch (Fringilla coelebs) ap- 
pears to have a minimum period of approximately 
five hours for sleep in northern Lapland and in 
southern Finland. The brambling or mountain finch 


also requires a minimum of about five hours for 
sleeping which is usually taken before midnight 
(Palmgren 1949). The birch siskin (Carduelis 


flammea), in contrast to most of the other birds, 
appears equally active at all hours of the day (Palm- 
gren 1935b). This species when caged remains ex- 
tremely active as long as there is even weak light 
(Palmgren 1936a). 

Similar results have been found by other investi- 
gators. Marshall (1938) states that some arctie 
species as the aretic tern (Sterna macrura) are not 
continuously active but have periods of quiescence in 
the perpetual arctic light. Karplus (1949) found 
that the activity of three species of nesting birds 
studied at Umiat, Alaska (69° 23’ N. Lat.) extended 
over a 21 hour period per day during the continuous 
daylight of the arctic summer. Paatela (1938), in 
some observations made in Finland (60° 30’ N. Lat.) 
during the month of June, found that the length of 
the period of sleep for 17 species of birds ranged from 
%-524 hours (mean of 324 hours). 

Thus there is evidence that many birds have a rest 
period of at least a few hours even when exposed to 
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continuous light. This was found experimentally 
in the present study with the white-throated sparrows 
but the junco responded much like the birch siskin 
in being equally active at all hours. 

Wagner (1937) used European robins to study the 
influence of light intensity on the strength of the 
nocturnal unrest. Maximum unrest took place when 
the light intensity at night was equal to 42 meter- 
candle. Research with the thorngrass warbler showed 
that the migratory unrest was completely eliminated 
by the continuous day and night lighting of the re- 
search room with a 16 watt bulb. Palmgren (1936a) 
states that it is well known that a sufficiently strong 
light at night can check or eliminate the nightly 
“Zugunruhe” in “soft eaters.’ He made observations 
on Phylloscopus trochilus, P. collybita and Hippolais 
icterina and found that by turning a light on or off 
he could obtain in a few minutes the disappearance 
or appearance of the unrest movements. At night 
in “absolute darkness” caged migratory birds during 
the migratory period are completely at rest (Wagner 
1937). This last statement appears to be inconsistent 
with earlier data presented by Wagner (1930) where 
he showed that the nocturnal unrest remained in ex- 
istance when the birds were placed in continuous 
darkness. This “continuous darkness” 
been “absolute darkness” 


must not have 
since the two results con- 
Also the fact that this was not 
absolute darkness may be substantiated by other ex- 
periments in which he used a well screened off light 
when conducting tests representing the night period. 
In the present investigation, the white-crowned spar- 
row, white-throated sparrow and junco all 
nocturnal unrest in absolute darkness. 

E. Effect of Food. Wagner (1937) studied the 
influence of food on the intensity of the nightly un- 
rest in caged birds during the migratory period. One 
of the birds used was the European blackbird which 
normally does not display unrest in eaptivity during 
the migratory phase. Wagner explained that certain 
of the individuals of this species live in the cities of 
Germany and are nonmigratory. Other individuals 
which he called “woods blackbirds” are migratory. 
The ones he used experimentally were of the latter 
type and were trapped in migration at Helgoland. 
By reducing the usual daily ration of food by one 
half, unrest occurred during the nights following the 
days with insufficient food. By alternating the 
amount of food, nocturnal unrest could be released 
or completely suppressed more or less at will. In 
the red thrush the night unrest could be reduced but 
not entirely suppressed by abundant food. Insuffi- 
cient amount of food intensified the unrest in the song 
thrush. As the amount of food was increased from 
742 to 10 to 15 gms the unrest would decrease pro- 
portionately. A large evening feeding reduced the 
nightly unrest in the thorngrass warbler. As a con- 
trol, the same birds during the nonmigratory phase 
were subjected to the same research condition, and no 
unrest was displayed at night even when the amount 
of feeding was reduced. 

In the present study in all four instances when 


tradict one another. 


showed 
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the white-crowned sparrow became low on food there 
was an increase in the diurnal activity. No change in 
nocturnal activity was noticed. The white-throated 
sparrow was without food on several occasions. When- 
ever this occurred there was an increase in the diurnal 
activity and once there was an increase in nocturnal 
unrest. In two instances when white-throats were 
without water an increase took place in the diurnal 
activity. The junco, in most cases, showed an in- 
crease in diurnal activity when it was low on either 
food or water and, in all cases, when both were lack- 
ing. The English sparrow when low on food became 
very active during the light period but a lack of water 
did not seem to affect the activity. 

F. Effect of Molting. No data were obtained on 
the effect of molt on the activity of English sparrows. 
White-crowned sparrows molted three times during 
the experiments, and each time there was a con- 
spicuous decrease in the daily activity (643 to 131 
units average). The greatest decrease was in the 
nocturnal activity (460 to 41 units) which in one 
instance disappeared completely. Two white-throated 
sparrows molted and in both cases there was a re- 
duction in diurnal activity (1026 to 470 units). The 
nocturnal activity had disappeared some time before. 
Two juncos molted during experiments. The first 
one displayed a reduction in activity (845 to 534 
units) but there was associated with this an increase in 
temperature. The other junco exhibited a reduction 
in nocturnal activity (187 to 98 units) with the onset 
of the molt but some nocturnal activity was still 
present (47 units) after five days of molting when 
the bird was killed. There was also a decrease in 
diurnal activity (472 to 328 units). 

Others have published data concerning the cor- 
relation between molting and activity. Putzig (1938) 
found that the “Zugunruhe” in a male European robin 
disappeared near the end of June as the bird started 
to molt. Schildmacher (1937, 1938b), recording the 
activity of four European robins exposed to supple- 
mentary artificial light, observed that as the 
“Zugunruhe” started to fade in early May the three 
male birds molted. He also found that the nocturnal 
unrest disappeared in another robin one month before 
molting, in a second nine days before and in a third 
the unrest was still present after four days of molting. 
In observing male garden redtails he found that the 
“Zugunruhe” did not decrease at the beginning of the 
breeding season but that a reduction first occurred 
with the onset of the molt. This latter is similar to 
what was observed in the present investigation with 
the white-crowned sparrow and with one of the slate- 
colored juncos. 

CONCLUSIONS 

1. The nonmigratory English sparrow does not 
display nocturnal activity at any season, while the 
migratory white-throated sparrow, slate-colored junco, 
and white-crowned sparrow all display nocturnal un- 
rest during the spring migratory period. The latter 
species is also active at night during the fall migra- 


tory period. The nocturnal activity in captive in- 
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dividuals of these migratory species continues for a 
longer period than does migration in wild individuals. 
2. The present study confirms the results of other 
investigators in that nightly rest pauses usually oe- 
cur before and after the onset of nocturnal activity 
during the spring migratory period. 

3. Additional evidence is provided that nocturnal 
unrest is an index of the migratory urge in that: 
(a) it is entirely absent in the nonmigratory English 
sparrow: (b) it commences at the time of migration 
in migratory species: (¢) the maximum nocturnal 
unrest of caged birds and the greatest flight density 
of migrating birds occur at the same hours of the 
night: (d) of two male white-throated sparrows, 
under identical environmental conditions, only the 
one in the migratory state (i. e. having a heavy fat 
deposition similar to that found in this species under 
natural conditions) displayed marked nocturnal un- 
rest. 

4. Diurnal activity of captive birds is greatest in 
the white-throated sparrow, great in the 
English sparrow and _ slate-colored junco, and 
least in the white-crowned sparrow. The junco ex- 
hibits morning and evening peaks of diurnal activity, 
while the other three species usually have only the 
early morning peak. 

5. The amount of activity in captive English spar- 
rows is not appreciably affected by temperatures be- 
tween 12° and 32°C, but temperatures below 0°C 
produce a decrease. In the white-crowned sparrow 
a temperature of 33°C suppresses both the diurnal 
and nocturnal activity. There is an increase of the 
daily activity of the white-throated sparrow as the 
temperature progressively increases from —14° to 
23°C. The diurnal and nocturnal activity fluctuates 
independently of temperature. The daily activity of 
the junco varies slightly over the temperature range 
of li to*35 C. 

6. While exposed to continuous light captive white- 
throated sparrows confine most (85%) of their activi- 
ty to a 14 hour period. The activity of the junco 
and English sparrow on the other hand is more evenly 
distributed throughout the 24 hours. 


less 


7. All four species investigated exhibit an increase 
in diurnal activity when a shortage of food occurs. 

8. In all three migratory species a decrease in 
activity occurs concurrently with molting. 


LITERATURE CITED 


Ahlqvist, H. & P. Palmgren. 1935. Ett f6rsdk att 
utréna sambandet mellan burfaglars flyttningsoro och 


vaderleksliget. Ornis Fennica 12: 44-54. German 
summary. 

Attila, *Uljas. 1937. Ein neuer Apparat zur Registri- 
erung der Intensitiitsvariation der Zugunruhe bei 


gekifigten Zugvégeln. Ornis Fennica 14: 38-43. 


Baldwin, S. Prentiss & S. Charles Kendeigh. 
Variations in bird weights. Auk 55: 416-467. 

Bender, R. O. 1949. Notes on the slate-colored junco. 
Bird Banding 20: 180-182. 


Blanchard, B. D. 1941. The white-crowned sparrows 
(Zonotrichia leucophrys) of the Pacific seaboard: en- 


1938. 























January, 1954 


vironment and annual cycle. Univ. of Calif. Publ. 


Zool. 46: 1-178. 
———. 1942. Migration in Pacific coast white-crowned 
sparrows. Auk 59; 47-63. 


——— & Mary M. Erickson, 1949. The cycle in the 
Gambel sparrow. Univ. of Calif. Publ. Zool. 47: 


255-318. 

Burger, J. W. 1949. A 
vestigations on seasonal reproduction in birds. 
son Bull. 61: 211-230. 

Farner, Donald S. 1950. The annual stimulus for mi- 
gration. Condor 52: 104-122. 

Forbush, E. H. 1929. Birds of Massachusetts and 
other New England States. Norwood Press, Norwood, 


review of experimental in- 
Wil- 


Mass. 3: 466 pp. 

von Haartman, Lars. 1940. Uber den Tagesrhythmus 
des Mauerseglers, Apus apus (L.). Ornis Fennica 
7s. 7-11. 

Herrick, Francis H. 1910. Instinct and intelligence in 
birds. Pop. Sci. Month. 76: 532-556, 77: 82-97, 122- 
141. 

Karplus, Martin. 1949. Bird activity in the continuous 
daylight of Aretie summer. Bull. Ecol. Soc. Amer. 


30: 66. 


Keck, W. 1932. Control of sex characters in the English 
sparrow, Passer domesticus (Linnaeus). Anat. Ree. 
54: 77. 

———. 1934. The control of the secondary sex char- 


acters in the English sparrow, Passer domesticus 
(Linnaeus). Jour. Exp. Zool. 67: 315-348. 

Kendeigh, S. Charles. 1941. Length of day and energy 
requirements for gonad development and egg-laying 
in birds. Ecology 22: 237-248. 

1945 Resistance to hunger in 

Wildl. Mgt. 9: 217-226. 

1949. 

resources of the English sparrow. 


birds. Jour. 


Effect of temperature and season on 
Auk 66: 


energy 
113-127. 
——— & S. Prentiss Baldwin. 


1930. The mechanical 


recording of the nesting activities of birds. Auk 37: 
471-480. 
Kirschbaum, A. & A. R. Ringoen. 1936. Seasonal 


sexual activity and its experimental modification in 
the male sparrow, Passer domesticus (Linnaeus). 
Anat. Ree. 64: 453-474. 

Lawrence, George E. 1950. The diving and feeding 
activity of the western grebe on the breeding grounds. 
Condor 52: 3-16. 

Lees, John. 1948. 
blackbirds and blue tits. 


Winter feeding hours of robins, 
British Birds 41: 71-76. 


Lesher, S. W. & S. Charles Kendeigh. 1941. Effect of 
photoperiod on molting of feathers, Wilson Bull. 
53: 169-180. 

Lowery, George H. 1951. A quantitative study of the 


nocturnal migration of birds. Publ. Univ. of Kansas 
3: 361-472. 

Marshall, A. J. 1938. 
Arctic. Jour. Animal 

Miller, Alden H. 1948. 
induced reproductive 
sparrows, Jour. Exp. Zool. 109: 1-11. 

1951. Further evidence on the refractory 

period in the reproductive cycle of the golden-crowned 

sparrow, Zonotrichia coronata. Auk 68: 380-383. 


Odum, Eugene P. 1949. Weight variations in wintering 


Bird and animal activity in the 
Ecol. 7: 248-250. 

The refractory period in light- 
development of golden-crowned 


PHOTOPERIOD, TEMPERATURE, SEASON ON ACTIVITY OF CAPTIVE SONGBIRDS 27 





relation to 
Bull. 61: 3-14. 
Beobachtungen tiber das Verhalten 
Sommernact. Ornis Fennica 15: 


white-throated sparrows in 
and migration. Wilson 

Paatela, J. E. 1938. 
der Vo6gel in der 
65-69. 

Palmén, J. A. Ueber die Zugstrassen der Végel. 
Leipzig, Wilhelm Engelmann. 292 pp. 

Palmgren, Pontus. 1932. Ein Versuch zur Registrierung 
der Intensitatsvariation des Vogelgesanges in Laufe 

Ornis Fennica 9: 68-74. 


temperature 


1876. 


Tages. 

1934. Balz als Ausdruck der Zugekstase bei 
einem gekifigten Fitislaubsinger. Ornis Fennica II: 
84-87, 


eines 


—— 1935a. Ein einfacher Apparat zur Regi- 
strierung der Intensitatsvariation der Zugunruhe bei 
gekifigten Zugvégeln. Ornis Fennica 12: 55-58. 

— . 1935b. Uber 
im arktischen Sommer. 
-———., 1936a. 


Ornis 


den Tagesrhythmus der Végel 
Ornis Fennica 12: 107-121. 

Warum ziehen die Vogel des Nachts? 

13: 41-49. 

Uber den Massenwechsel bei Regulus 
Ornis Fennica 13: 159-164. 

Auslosung der Friihlingszugunruhe durch 


Fennica 
1936b. 
r. regulus (L.). 
1937. 


Warme © bei 


gekafigten Rotkehlchen, Hrithacus rubecu- 
la (L.). Ornis Fenniea 14: 71-73. 
—— 1938. Studien tiber den zeitlichen Ablauf 
der Zugerregung bei gekafigten Keinvégeln I. Ornis 
Fennica 15: 1-16. 
—— 1948a. Eine Anlage fiir Registrierung der 


Tagesrhythmik bei Kleinvégeln. Vogelzug 14: 12-18. 
1943b. Zur Tagesrhythmik der 
Ornis Fennica 20: 99-103. 

1944a. Tagesrhythmik gekiafigter Kleinvégel 
bei konstanter Dauerbeleuchtung. Ornis Fennica 21: 


25-30. 


Fingenvogel. 


———. 1944b. Studien tiber die Tagesrhythmik ge- 
kifigter Zugvégel. Zeitsch. fiir Tierpsychologie 6: 
44-86, 

———. 1949. On the diurnal rhythm of activity and 


Ibis 91: 561-574. 
1949. The life history of the cedar 
Bull. 61: 141-182. 


rest in birds. 
Putnam, Loren S. 
waxwing. Wilson 


Putzig, P. 1938. Beobachtungen tiber Zugunruhe beim 
Rotkehlehen (Frithacus rubecula). Vogelzug 9: 10- 
14. 


Riley, G. M. 1936. 
in the male sparrow (Passer domesticus). 
Exp. Biol. and Med. 34: 331-332. 

Salyer, J. C. & K. F. Lagler. 1940. The food and 
habits of the American merganser during winter in 
Michigan, considered in relation to fish management. 
Jour. Wildl. Mgt. 4: 186-219. 


Light regulation of sexual activity 
Proe. Soe. 


Schildmacher, H. 1937. Zur Physiologie des Zugtriebes. 
III. Versuche mit kinstlich verlangter Tagesdauer. 
Vogelzug 8: 107-114. 


1938a. Zur Auslésung der Frihlings-Zugunruhe 
dureh Warme bei gekafigten Rotkehlehen, Frithacus r. 
rubecula (L.). Vogelzug 9: 7-10. 


1938b. 
Weitere Versuche mit kinstlich veranderter 
ngszeit. Vogelzug 9: 146-152. 

Seibert, Henri C. 1949. Differences between migrant 
and nonmigrant birds in food and water intake at 
various temperatures and photoperiods. Auk 66: 128- 


153. 


Zur Physiologie des Zugtriebes. IV. 
Belichtu- 





28 MarsHAuu B. Eyster 


Shelford, Victor E. 1929. Laboratory and field ecology. 
Baltimore. William and Wilkins. 608 pp. 

Siivonen, Lauri. 1936a. Die Stirkevariation des niichtli- 
chen Zuges bei Turdus ph. philomelos Brehm and T. 
musicus L., auf Grund der Zuglaute geschatzt und mit 
der Zugunruhe einer gekafigten Singdrossel verglichen. 
Ornis Fennica 13: 59-63. 

1936b. Ein neuer Apparat zur Registrierung 
der Intensitatsvariation der Zugunruhe bei gekifigten 
Zugvégeln. Ornis Fennica 13: 67-69. 

—— & Pontus Palmgren. 1936. Uher die Einwirkung 
der Temperatursenkung auf die Zugstimmung bei 
einer gekafigten Singdrossel (Turdus ph. philomelos 
Brehm). Ornis Fennica 13: 64-67. 

Stack, J. W. & R. L. Harned. 1944. 
banding white-throated sparrows 
juncos at Michigan State College. 
1-14. 

Szymanski, J. S. 1914. Eine Methode zur Untersuchung 
der Ruheund Aktivititsperioden bei Tieren. Pfliiger’s 
Archiv fiir die gesamte Physiologie des Menschen und 
der Tiere 158: 343-385. 


Seventeen years of 
and _ = slate-colored 
Bird Banding 15: 


Ecological Monographs 
Vol. 24, No. 1 

Wachs, Horst. 1926. Die Wanderungen der Vogel. 
Ergebnisse der Biologie 1: 479-637. 

Wagner, H. O. 1930. Uther Jahres-und Tagesrhythmus 
bei Zugvégeln. Zeitschrift fiir Vergleichende Physio- 
logie 12: 703-724. 

1937. 
Tagesrhythmus 
47-54. 

— & H. Schildmacher. 1937. Ueber die abhiingi- 
gkeit des Einsetzens der nichtlichen Zugunruhe ver- 
frachteter V6gel von der geographischen Breite. 
Vogelzug 8: 18-19. 

Wolfson, Albert. 1940. 


Der Einfluss von Aussenfaktoren auf den 
wiihrend der Zugphase. Vogelzug 8: 


A preliminary report on some 
experiments on bird migration. Condor 42: 93-99. 
1942. Regulation of spring migration in juncos. 
Condor 44: 237-263. 

1945. The role of the pituitary, fat deposition, 
and body weight in bird migration. Condor 47: 95- 


o7 


1952. breeding 


eyeles in birds. 


Day length, migration and 
Scient. Month. 74: 191-200. 





THE SALT SPRAY COMMUNITY 


STEPHEN G. Boyce 
Department of Botany* 
Ohio University, Athens, Ohio 


TABLE OF CONTENTS 


PAGE 
29 
30 
33 


The Cape Fear Area 
The Cape Cod Area 
WIND 
SANDBLASTING OF VEGETATION 
SALINITY OF THE SUBSTRATUM 
SALT SPRAY 
Source of Salt Spray 
Deposition of Salt Spray Particles.............. 
Deposition on Leaves and Twigs.............. 
Deposition on Entire Plants..............0.+. 42 
The Intensity of Salt Spray 
PLANT RESPONSES TO SALT SPRAY 
Toxicity of Oceanic Salts to Dune Plants 
Entrance of Salt into Leaves and Stems.......... 
Effect of Wind 
Experiment I 
Experiment II 
Discussion 


WUC Ol) SICDNON 6866 SGN aes OSS ROERTSSS 49 


INTRODUCTION 


Coastal dunes have been favorite subjects for 
ecological studies for many years. Much of the 
vegetation has been described and many of the 
physical functions and processes of the environment 
have been investigated. One of the physical factors, 
air-borne oceanic salts, has been recognized by many 
authors but has not been fully investigated (see 
literature review). On the basis of observations and 
limited experiments some authors have emphasized 
the ecological importance of aerial salts while others 
have considered them to be of minor significance. 
Thus a difference of opinion has arisen concerning the 
specific effects of aerial salts on the distribution, 
zonation and growth form of coastal plants. 

One of the main points of discussion has been the 
striking asymmetrical growth of coastal shrubs and 
trees. Frequently branch development on the sea- 
ward side of the plants is almost entirely inhibited 
so that most of the branches point landward. The 
surface of the crown commonly presents an even slope 
upward from the seaward side giving a peculiarly 


., *~ Contribution from the Department of Botany, North Caro- 
lina State College. 


Patterns of Salt Spray Injury 
Stem and Leaf Tip Injury 
Experiment I 
Experiment II 
Discussion 
Translocation of Chlorides to the Leeward 
EG OE RARMGE eo coi ea a wtad aarsseeesames 
Formation of Curved Stems..............eee 
Chloride 
Effect of the Chloride Ion 
Previous Studies of Salt Hypertrophy 


Induced Hypertrophy 


Experiment I 
Experiment 
Discussion 
Relation of Anatomy to Hypertrophy 
SALT SPRAY-SELECTED GROWTH FORMS............. 
Growth Form of Erigeron Progeny 
Discussion 
EFFECT OF NITROGEN AND PHOSPHORUS............ 
Treatments with Nitrates and Phosphates........ 
Discussion 
SUMMARY 


LITERATURE CITED 


espalier aspect and indicating that the inhibition 


branch development is diminished landward. Pro- 
posals to explain these growth forms are as numerous 
as the papers on coastal vegetation; however, most of 
the explanations have been based on three theories. 
The first theory maintains that since winds are com- 
mon on most coasts the more rapid transpiration on 
the seaward or windward side of the plants results in 
desiccation of these leaves and twigs. The second 
theory maintains that sand blasting and excessive 
transpiration due to winds results in death of the 
seaward shoots. The third theory maintains that salt 
spray, droplets of sea water concentrated by evapora- 
tion, transported inland by winds and deposited on 
the plants, accounts for the inhibition of branch 
growth on the seaward side. In recent years the 
salt spray theory has gained precedence; however, it 
has been difficult to explain why the salts kill only 
the seaward branches rather than the entire plant. 

The zonation of dune plants has also been attributed 
to salt spray. Several investigators have demon- 
strated the differential tolerance of the coastal plants 
to sea water sprayed on the aerial organs and cor- 
related the salt tolerance of the plants with their 
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zonation from the strand. The results of these in- 
vestigations have been generally accepted in recent 
ecological texts (Daubenmire 1947, Oosting 1948). 
However, these studies were concerned primarily with 
the problem of evaluating the significance of salt 
spray and little concerned with the problem of how 
salt spray operates as an ecological factor. 

This investigation was designed to analyze some 
of the specifie effects of salt spray as an ecological 
factor in the coastal dune environment. The principal 
objectives were to investigate (1) the source of salt 
spray, (2) the transportation and deposition of salt 
particles, (3) the relation of salt spray to the zona- 
tion and growth forms of coastal plants, (4) the 
variation in tolerance of the species to salt spray 
and (5) the responses of different species to high 
concentrations of oceanic salts. 

The first part of the study deals with the role of 
salt spray as an environmental factor and the second 
part is concerned with its effects on plants. In the 
latter part, the study was separated into several dif- 
ferent investigations. The author was constantly 
aware that caution must be observed in attempting to 
interpret the role of a factor in the natural habitat 
on the basis of results obtained in laboratory and 
greenhouse studies. Where possible, every idea was 
tested in the field under natural conditions. Also 
observations of the possible interaction of salt spray 
with other environmental factors were noted. 

Thanks are due especially to Dr. B. W. Wells for 
his interest and assistance, and to numerous others 
at North Carolina State College for advice and help 


with problems that came up during the study. Grate- 
ful acknowledgment is made of a Grant-in-Aid from 
the Sigma Xi-Resa Research Fund which made pos- 
sible the work at Woods Hole in 1952. 


LITERATURE REVIEW 

The early literature contains many descriptions of 
the death of coastal plants after a strong wind from 
the ocean. As early as 1805, Salisbury published an 
account of a “storm of salt” in England and noted 
that greater leaf injury occurred when rain was not 
associated with the winds. Following Salisbury’s 
paper, Beck (1819) described several “salt storms” 
on the northeast coast of the United States and ob- 
served the sharp line of protection afforded plants 
growing behind the corner of a building or other 
obstruction. 

Focke (1871) suggested that injuries observed on 
coastal plants of the northwest German coasts may 
have been due to particles of salt conveyed by sea 
breezes. The idea that sea water salts were carried 
inland by coastal winds was confirmed by the work 
of Bohm (1889). Later, Anderlind (1897) attributed 
the browning and loss of leaves of exposed pine 
branches on the European coast to the action of 
salt spray. 

Other writers of the period immediately attacked 
the salt spray idea. Borggreve (1872, 1890) assumed 
that all effects on coastal and mountain plants were 
due essentially to the mechanical action of wind. He 
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referred to the question of injury by salt, and stated 
that storms from the sea on the Baltic coast carry 
small quantities of salt. He contended that protected 
trees, those behind buildings, embankments, ete., would 
be equally or more exposed to salt than those stand- 
ing without protection, because heavy particles su- 
spended in the air would be deposited where the air 
is less vigorously moved. 

Ochsenius (1893) observed the scorching of foliage 
by a gale from the sea on the coast of Chile. He 
concluded that if wind borne salt had been the cause 
of the damage, no vegetation could have thrived be- 
cause of the frequeney of storms in the area. 

Hartz (1895) and Gerhardt (1900) ascribed the 
injuries of coastal plants to wind blown sand and 
considered salt spray to be a minor factor. 

About this time workers in other fields began to 
investigate the content of sea water salts in the atmos- 
phere. Brown (1889), Gautier (1899), Whipple and 
Jackson (1900) and others measured the quantity of 
chlorine in the atmosphere and in inland ground 
waters and showed that definite quantities of oceanic 
salts were carried far inland by winds. 

Ackroyd (1901) described the great storm of 1839 
which struck Liverpool and various parts of England 
on January 6 and 7 and included the following ob- 
servation: “... the trees and hedges in many places— 
e.g. Huddersfield and Longton appeared to be covered 
with a white frost which, on analysis, proved to be a 
briny deposit which the wind had brought from the 
Irish Sea.” 

Schimper (1903), Warming (1909) and _ others 
attributed the injuries to wind, which was thought 
to have inereased transpiration, reduced soil moisture 
and consequently resulted in desiccation of the leaves. 
They considered the asymmetrical growth of shrubs 
on coasts to be a type of sympodial growth produced 
by the death of buds and shoots from excessive trans- 
piration on the windward side. This idea, based on 
the original works of Wiesner (1887), Kihlman 
(1890) and others, was commonly repeated in later 
literature without experimental investigation. The 
association of streamlined forms of coastal shrubs 
with wind became a tenet that was not seriously 
questioned until recent years. 

Hansen (1901, 1904) observed that the drying of 
leaves on coastal plants begins at the apex and margin 
and that the leaves are often completely killed, not 
only by gales, but by long-continued winds of ordi- 
nary strength. He developed a “wind machine” and 
attempetd to demonstrate tip and margin injury of 
leaves by wind. His papers contained much criticism 
of the salt spray concept. 

Grabner (1910) and others thought frost was the 
most important factor causing asymmetrical growth 
of coastal plants. 

One of the earliest quantitative investigations of 
coastal dunes was made by Olsson-Seffer (1909). 
On the sandy shores of the Baltic Coast, the Mediter- 
ranean shores and the coasts of Australia, New Zea- 
land, Hawaii, California, Mexico and Central Ameri- 
ca, he found no correlation of either sand tempera- 
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ture, mineral composition of the sands or the rate of 
evaporation with the development of vegetation. On 
the basis of measurements of rates of evaporation 
he concluded that transpiration is less on the coastal 
than on the interior sands. He exposed pieces of 
muslin, kept in tightly closed jars, to the sea spray 
and showed that large quantities of salt were carried 
inland by oceanic winds. In his conelusions he at- 


tributed the asymmetric growth to wind blown sand 
and salt spray. 

Coulter, Barnes & Cowles (1911), in their text on 
ecology, epitomized the attitude of the period: 


Two theories have been put forward to account for 
such asymmetry (of plants), neither having 
adequate experimental evidence; the one maintains that 
the stronger transpiration on the seaward or windward 
side causes the branches to die earliest there, while the 
other theory maintains that salt particles carried in the 
spray account for branch destruction. It is possible and 
even probable that both theories are valid, the two 
factors supplementing one another. Apparently favor- 
ing the salt theory is the relative absence of one-sided 
trees about the Great Lakes, but apparently favoring 
the transpiration theory is the frequent one-sidedness 
of trees near the ‘‘timber line’’ of mountains. 


coastal 


On the southwest coast of Sweden, Frodin (1912) 
attributed the shrub form and zonation of Quercus 
ilex, Tilia cordata, Fagus sylvatica, and other species 
to salt spray and discredited the desiceating effect 
of wind. 

Blackledge (1913), on the 
(1901) observation, aseribed the 
sodium chloride in leaves of coastal plants to at- 
mospherie salts. However, she did not associate asym- 
metrical growth forms and leaf injury with salt 
spray. 

On the southwest coast of Finland near Hango, 
Hayren (1914) investigated the phytosociology of the 
coastal plants. Quantitative measurements of at- 
mospheric salts were not made, but on the basis of 
observations he attributed the depressed growth form 
of Juniperus communis, Picea excelsa, Pinus silvestris 
sarried inland by 


basis of Ackroyd’s 
concentration of 


and other species to salt spray 
southwest winds. 

Boodle (1920) reviewed the problem of the scorch- 
ing of foliage by sea-winds and stated: “The general 
conclusion from the foregoing consideration is that 
the scorching of foliage by sea-winds is chiefly due 
to the drying action of the wind, but that salt may 
perhaps occasionally contribute towards the produe- 
tion of an injurious effect.” 

With the use of increment borings, Taylor (1923) 
found that searlet oak trees on Long Island showed a 
greater annual increase in diameter on the leeward 
side than on the windward Although he 
recognized the presence of salt spray in his discussion 
of the zonation and asymmetrie growth of the plants, 
he did not believe it significant. He stated, “. . . of 
all the environmental factors, the wind is unquestion- 
ably the most important and it may, upon subsequent 
experimentation, prove to be the factor.” 

The zonation and shrub form of the plants on the 


side. 
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southern coasts of the Dalmation Islands in the 
Adriatic Sea was attributed by Ginzberger (1925, 
1926) to sea water spray. On the sea cliff coasts he 
found the spray intensity to be reduced when the 
slope was greater than 25°, 

During the next twenty years investigators 
parently neglected the influence of salt spray 
returned to the wind factor to explain the asymmetri- 
cal growth of dune vegetation. Gleason & Cook 
(1926) published excellent pictures of asymmetrical 
coastal plants in Porto Rico and attributed the shape 
to wind. 

After measuring temperature, rainfall, evaporation 
and soil moisture on seaward and landward slopes of 
the Santa Lucia Mountains, Shreve (1927) stated: 


ap- 
and 


At the grove of wind-swept redwoods, station 6, the 
evaporation was steadily high until the last period, 
reaching a maximum of 20.4 ce during the three weeks 
from June 12 to July 6. The seasonal average of 16.4 
cec—is only slightly greater than the seasonal average for 
the opening, station No. 4 (2 miles inland), which is well 
sheltered from the westerly winds. This would indicate 
that the high humidity of the ocean winds deprives them 
(redwoods) of a drying effect, and indicates that the 
stunted and wind cropped form is more largely due to 
the mechanical effect of the wind than to its desiccating 
influence. 


Nichols (1920), Fogg (1930), Chrysler (1930) and 
others, in their descriptions of the northeast coast 
of the United States, considered wind the primary 
factor influencing asymmetrical growth and responsi- 
ble for the confinement of Fagus grandifolia, Tilia 
americana, Quercus rubra, Castanea dentata and other 
species to the lee slopes of dunes. 

Martin & Clements (1935) studied the effects of 
artifical wind on Helianthus annuus and concluded: 
“Wind is to be regarded as a factor, though not the 
paramount one, in the dwarfing characteristic of the 
alpine tundra and in the reduced and procumbent 
forms of coastal dunes, as exemplified in the ex- 
perimental areas on Pikes Peak and the dune gardens 
at Santa Barbara.” 

Bauer (1936) measured the rate of evaporation 
over a two year period in the chaparral of the Santa 
Monica Mountains, California, at 15 stations, which 
included two exposed coastal stations. The rate of 
evaporation at the coastal stations was lower and 
more uniform throughout the year than at stations 
along ridges at higher elevations located several miles 
inland. He discussed the marked uniformity in size 
and general appearance of the inland chaparral and 
observed that the crowns of the coastal chaparral 
“.. are so even on the top as to give the appearance 
of having been artificially trimmed.” In view of this 
discrepancy and of the diverse habitats in which 
chaparral shrubs are found, Bauer considered wind 
alone to be an inadequate explanation of their uni- 
form heights. 

The significance of sea water dashed on foredunes 
and rocky coasts had been recorded by several 
authors. However, it was not until 1937 that Wells 
& Shunk (1937, 1938) recognized salt spray, carried 
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over the foredunes, as the most important factor in- 
fluencing growth form, zonation and succession of 
coastal dune plants. They recorded salt spray dam- 
age 1.25 mi inland on the North Carolina coast. 

On the basis of observations in the Cape Fear area, 
they found that the so-called “wind form” shrubs owe 
their form to the seaspray carried by high winds. 
After a strong southeast wind in April that persist- 
ed for a period of nineteen hours during a time of 
cloudy weather and abundant soil moisture, they found 
injury only on shrubs located near the strand while 
those exposed to the same wind velocity but at a 
greater distance from the ocean showed no injury 
whatsoever. On the west shore of the fresh water 
estuaries near the Chowan River, Albemarle Sound, 
where the wind velocity is only slightly less than that 
over the dunes, observations showed not the slightest 
indication of asymmetrical growth. 

On the dunes, injured shoots and slightly protected 
uninjured ones were titrated for chlorides, and a 
marked contrast was found between exposed shoots 
and those slightly protected. Shoots of a number of 
woody plants were hand-sprayed with sea water and 
a pattern of injury similar to the injury observed on 
the seaside shrubs was obtained. 

They further explained the absence of more inland 
species, such as persimmon (Diospyros virginiana), 
turkey oak (Quercus laevis), longleaf pine (Pinus 
australis) and wire grass (Aristida stricta), on the 
basis of the intolerance of these species to salt spray. 

Wells (1939) interpreted the dominance of live oak 
on Smith Island, North Carolina, and along the 
eastern and southern coasts in terms of the tree’s 
tolerance to salt spray. He recognized the long 
period stabilization as a new type of climax and 
named it the “salt spray climax.” 

Coneurrent with the investigations of Wells & 
Shunk, Bayer (1938) observed the stunted, asym- 
metrical growth of coastal plants in Zululand, South 
Africa, and recognized that “these results are due not 
to the direct mechanical effect of wind, but to the 
fact that the winds carry with them salt-water spray 
from the sea, which by killing renewal shoots and 
buds on the exposed side encourages growth on the 
leeward side.” 

However, a few authors still maintained that salt 
spray played a subordinate role in the asymmetrical 
growth and zonation of coastal plants. Martin & 
Clements (1939) intensively investigated the dunes 
of Santa Barbara, California and stated: 

The role of the wind in bringing about the reduced 
or prostrate forms so typical of the dunes is somewhat 
less clear. It appears to operate largely through the 
drying and suppression of windward or upper shoots and 
to some extent mechanically also, especially in woody 
plants. Wind is likewise the agency that carries salt 
spray inland for some distance, to extend the zone marked 
by halophytes. 

In order to test the influence of salt spray on the 
aerial portions of the native dune plants, a few indi- 
viduals of each species were sprayed on three different 
oceasions with a 3.5 percent solution of ordinary table 
salt. A moderate amount of damage was done to 
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Solanum douglasi, hardly any to Franseria bipinnatifida 
and apparently none to any of the others. The fact 
that the plants growing near the strand seem to be as 
healthy as those farther inland indicates that the salt 
spray does them very little if any damage. Wells and 
Shunk (1938) have advanced evidence that the ‘‘wind- 
form’’ of woody plants near the coast is due primarily 
to salt spray from the ocean during storms, but it ap- 
pears to be without appreciable effect on the herbaceous 
vegetation concerned in this investigation. It is pos- 
sible that the spray prevents invasion of certain other 
species, but no certain evidence on this point is available. 


Asymmetrical growth forms of dune plants on the 
sand keys of Florida have been recorded by Davis 
(1942). The following quotations are reproduced 
from his publication: 


the author thinks that the limb pruning and 
asymmetrical growth are almost if not entirely due to 
winds, salt spray playing only a minor role. 

Winds and storms do have the effect of sending salt 
spray far to the interior. A number of leaves of plants 
over 200 yards from the beach were washed after a 
moderate windstorm, and a titration of the water with 
silver nitrate showed the chloride. The 
salinity of soils away from the direct spray of the 
beaches is increased by storms. 

The action of wind on a few woody plants to produce 
changes in growth form, and the occasional carrying of 
salt spray far to the interior, are much less important 
than the effects of winds, with high temperature, on the 
rate of transpiration. The evaporating power of the air 
was measured at a number of places by Livingston 
porous cup atmometers, and the rate of evaporation per 
day was found to average 30.1 ce near the beach, 28.5 in 
the strand scrub and 20.6 in the more protected mangrove 
swamps, for two periods of 15 days each. This relatively 
high rate of evaporation increases the xeric conditions of 
the strand and, with the low water content of the coarse 
strand soils, produces extremely dry habitat conditions. 
These islands have more constant winds than those 
farther north, because they are longer in the trade-wind 
zone and are more exposed. 


presence of 


The work of Oosting & Billings (1942) and Oosting 
(1945) near Beaufort, North Carolina confirmed the 


investigations of Wells & Shunk (1937, 1938). They 
were unable to associate the distribution of coastal 
plants with the measured intensity of soil moisture, 
soil temperature, soil pH, air temperature, relative 
humidity, evaporation, or soil salt content. However, 
using a special “salt trap” and artificially spraying 
coastal plants with sea water, they were able to cor- 
relate the tolerance to salt of individual plants and 
their subsequent zonation with the intensity of air 
borne salt spray. 

Many authors have observed asymmetrical growth 
and zonation of coastal plants in many parts of the 
world and attributed the effects to salt spray. Hep- 
burn (1943) and others recognized salt spray as a 
factor in vegetational distribution on the sea-cliffs 
and dunes of England. Edlin (1943) observed the 
damage of a “salt storm’ on the south coast of Africa. 
Egler (1947) described salt spray forms in Hawaii, 
and Numata et al. (1948), Sekiva (1950) and others 
have observed salt spray damage in Japan. Robert- 
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son & Gimingham (1951) studied plant succession on 
the cliffs and dunes of the east coast of Scotland and 
measured soil moisture, salt, carbonate, and organic 
matter content of the sands. In the dune areas 
Gimingham concluded that the chloride content of 
the sand ceases to be significant beyond the foreshore 
Robertson proposed that the 


zone of the beach. 


chloride content of the soil on the cliffs might possibly 
have an influence on plant distribution. 
parently did not consider the deposition of salt on the 
aerial plant parts. 


They ap- 


METHODS 

The basic studies of the effects of salt spray on 
coastal plants were carried out in the Cape Fear 
area of North Carolina during the summers of 1950 
and 1951. Observations and correlations found in 
this area were then tested on other dune areas of the 
North Carolina and South Carolina coasts. During 
the summer of 1952, hypotheses based on observations 
and experiments on the Carolina Coasts were tested 
in the Cape Cod area of Massachusetts. 

The plant survey of the Cape Fear area was based 
on meter wide chart transects extending from the 
strand to 270 m inland. A biseet was incorporated 
with each transect from which profiles of the plants 
and dunes could be drawn. Since so many of the 
dune species reproduce from rhizomes it was im- 
practical to tally the number of individual plants, 
therefore percentage of cover was used as the eri- 
terion of dominance. 

As the plants on the transects were tallied, obser- 
vations of leaf and stem injury, growth form, flower- 
ing, rate and time of growth, external morphology, 
and apparent differences in anatomy were recorded. 
These observations formed the basis for later investi- 
gations and experiments which were conducted on the 
dunes, in the laboratory or in the greenhouse. 

The nomenclature of the species mentioned follows 
that of Gray’s Manual (Fernald 1950) or Small’s 
Manual (Small 1933) when the species does not occur 
in the Gray’s Manual Range. Nomenclature of the 
grasses follows that of Hiteheock (1950). All of the 
species mentioned in this paper have been previously 
recorded from the areas studied. Specimens of the 
species used in the investigations are recorded in the 
herbarium of North Carolina State College. 


DESCRIPTION OF AREAS STUDIED 

The vegetation, the physiography and the nature 
of the sands of the east coast of the United States have 
been described in detail by many authors. Notable 
among the numerous papers are those of Kurz (1942) 
and Davis (1942) of the Florida coast; Coker (1905) 
of the Isle of Palms on the coast of South Carolina; 
Johnson (1900), Kearney (1900), Lewis (1917), 
Wells (1939) and Oosting & Billings (1942) of the 
coast of North Carolina; Chrysler (1911) of Mary- 
land; Snow (1902, 1913) of Delaware; Harshberger 
(1900) of New Jersey; Taylor (1923) and Conard 
(1935) of Long Island and Chrysler (1905), Harsh- 
berger (1914) and Fogg (1930) of Massachusetts. 
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According to the descriptions of the above authors, 
the dune community from Cape Cod to Florida ean 
be divided into several zones. The upper beach and 
foredune area is sparsely vegetated by low herbaceous 
plants, including several grasses, and rarely a semi- 
woody plant as Iva imbricata. Behind the foredunes 
a zone of shrubs occurs and immediately following 
this an arborous zone. This sequence is relatively 
constant on the Atlantic coasts; however, local varia- 
tions occur under conditions of topography and dis- 
turbance as depicted by Kurz (1942) in his profiles 
of the Florida dunes. Although different names have 
been applied to these zones, the terms herbaceous, 
shrubby and arborous were used in describing the 
salt spray community. 

THE CAPE FEAR AREA 

The coastal areas of Brunswick, New Hanover and 
Pender counties of North Carolina have been desig- 
nated the Cape Fear area. Most of the mainland 
of this area is bordered by barrier islands. The 
largest, Smith Island, is located at the mouth of the 
Cape Fear River and its southernmost tip is Cape 
Fear. The shore line of Brunswick county, which 
extends from the southern boundary of North Caro- 
lina to Smith Island, forms an are which faces south 
to southwest. Lockwood’s Folly Inlet, Long Beach, 
Fort Caswell are located on the eastern end of 
this are. The shore lines of New Hanover and Pender 
counties north of Smith Island form an which 
faces east to southeast. Fort Fisher and Topsail 
Beach are located on this are. 

On the southwest facing coast 5 transects were 
equally spaced from Lockwood’s Folly Inlet to Fort 
Caswell and one was located on the southern end of 
Smith Island. On the northeast facing coast one 
transect was located near Fort Fisher and two were 
located on Topsail Beach. 

Three of the Long Beach transects are characterized 
by low foredunes, 3 to 5 ft. in height, no rear dunes 
and with little movement inland of sand from the 
foredunes. As a result complications of topography 
and blowing sand are minimized in these transects. 
The ecotones between herbaceous, shrub and arborous 
zones are very distinct and the width of the zones is 
relatively uniform. Distribution and coverage of the 
dominant species is shown in Figure 1. 

One of the Long Beach transects had been dis- 
turbed by fire and grading operations. The arborous 
zone had been almost completely eliminated and the 
herbaceous and shrub zones had been extended. In 
addition there had been a much greater surface move- 
ment of the sands by wind. Figure 2 shows a profile 
view of a stand of young live oaks which were killed 
by fire on this transect in 1952. The distorted trunks 
and the profuse branching at the tips of the twigs 
is typical of the shrubs and trees of the salt spray 


and 


are 


community. 

The Lockwood Folly transect crossed large rolling 
dunes, 40 to 60 ft. in height. The large foredunes 
were being eroded by the ocean and presented an al- 
most vertical cliff. The topography of the rear dunes 
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are restricted to, and their range across, the three zones 
of the salt spray community. Distribution within the 
zones is indicated by the length of the bars; relative 
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coverage by the width of bars. 


. ; at 
Br’, a) 


Fig. 2. Live oaks on Long Beach which were killed by 


fire. Notice profuse branching of twigs at top of trees 
a response to salt spray. 


was constantly being modified by the northeast and 
southwest winds. Due to the protection afforded by 
the large foredunes and the deep hollows between the 
dunes, the trees and shrubs were closer to the strand 
on this transect than on any of the others. 

The Smith Island transect was located on the sandy 
spit on the southeast end of the island near the 
present lighthouse. The topography was characterized 
by a series of low ridges, one to three feet in height, 
more or less parallel to the strand representing beach 
ridges left behind as the spit formed. The beach 
was narrow, relatively steep and extended to a series 
of underwater bars that are a part of the Cape Fear 
Shoals. The physiognomie zones of this transect are 
exceptionally wide. The outer beach area is practical- 
ly devoid of vegetation except for a few individuals 
of Cakile and Atriplex. About 250 m from the 
strand seedlings of Uniola paniculata begin to invade 
the sands. Spartina patens and Panicum amarum be- 
gin to appear at about 300 m. The shrubs oceur at 
500 m and extend to the edge of the live oak forest 
which is about 850 m from the strand. The paucity 
of species and the absence of any trees in the her- 
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baceous and shrub zones were the characteristic vege- 
tational features of this transect. 

The Fort Fisher was characterized by 
narrow herbaceous and shrub zones, and an arborous 
zone Which began about 75 to 100 m from the strand. 
This 


turbances by man for more than 100 years; conse- 


transect 


area has undergone almost continuous dis- 
quently, the vegetation was not as typical of the 
northeast facing coast as that of the Topsail Beach 
transects. Nevertheless, the three typical zones of the 
salt community have persisted, though less 


distinetly defined than those of the other transects. 


spray 


The Topsail Beach transects represented a north- 
east facing coast of practically undisturbed vegetation 
(Figure 3). The topography was characterized by 
relatively large foredunes, twelve to twenty feet in 
height, with no rear dunes and very little movement 
of the sands inland. The foredunes were fairly well 
stabilized by Uniola paniculata on the top and 
The herbaceous 
and shrub zones were relatively narrow. The shrub 
zone began at approximately forty meters from the 
strand. A few individuals of Juniperus virginiana 
extended to the herbaceous zone on the leeward side 
of the foredunes. The live oak forest began at about 
sixty meters from the strand, and shows no evidence 
of fire or other disturbance except for the removal 
of some of the red cedar on the sound side of the 


Andropogon littoralis on the lee side. 


forest. 


ve 4 
Fig. 3. Topsail Beach transect area. Foredunes are 
on left side of road and live oak forest on right. 


Figure 4 shows the espalier form of shrubs of 
Ilex vomitoria on Long Beach, which is typical of 
trees and shrubs from Cape Cod to Florida. This 
type of asymmetric growth was noted or described by 
many authors, but the degree of asymmetry was not 
measured. Observations on the Carolina coasts sug- 
gested that the angles of the canopy varied with the 
degree of exposure to oceanic winds. The acute 
angles formed by the canopy of the shrubs and trees 
and a horizontal line at the surface of the sands were 
designated the canopy angles. These were determined 
by use of the formula: 

a 
A=— 
b 


Tan 
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where a (height) forms the vertical leg, b (distance) 
forms the horizontal leg and the surface of the canopy 
forms the hypotenuse of a right angle triangle. It was 
found that a particular group of shrubs or trees may 
have two canopy angles. The front canopy angle is 
formed by that portion of the canopy from near the 
ground to the abrupt change in slope of the canopy. 
The top canopy angle is formed by the canopy from 
this abrupt change in slope to the maximum height of 
the trees. Where the and shrubs oceur im- 
mediately behind a dune or other obstruction the 
For example, on the 


trees 


front canopy angle is absent. 
large dunes at Long Beach the canopies of many of 
the shrubs and trees begin at the crest of the dune 
and extend inland without any change in the degree 
Beach where 
angles 


of slope. In areas such as Topsail 
there are large foredunes the front canopy 
are very large. The range of values for the canopy 
angles of plants in the Cape Fear area are presented 


in Table 1. 


Fic. 4. Shrubs of Jlex vomitoria on 


Notice espalier form of canopy. 


TABLE 1. Range of Canopy Angles of the Trees and 
Shrubs on the Transects of the Cape Fear area Ex- 
pressed as Degrees from the Horizontal. 





Canopy ANGLE 


Front 


Transect 


| 
| 
| Exposure 
| 





None 
32-36 
33-35 
28-32 
29-33 
15-17 
27-31 
48-53 
49-53 


South 
South 
South 
Southwest 
Southwest 
South 
East 
Southeast 
Southeast 


Lockwood’s Folly 

Long Beach I.........| 
Long Beach II.........} 
Long Beach III........ 
Long Beach IV 

Smith Island 

Fort Fisher 
Topsail Beach I.......| 
Topsail Beach IT....... 





During the summers of 1950, 1951 and 1952 several 
species which do not ordinarily reproduce in the salt 
Spray community appeared in the transect areas. A 
greater number of these transitory species were en- 
countered on the northeast facing coasts than on the 
southwest facing coasts. Occasionally these species 
produced seed on the northeast coasts but not on the 
southwest coasts. Table 2 presents the list of transi- 
tory species encountered in the years 1950-1952. 
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TABLE 2, Transitory Species found in the transects. 
Erigeron canadensis Andropogon glomeratus 
E. pusillus A. 
Ambrosia artimisiifolia 
Aster 


Eupatorium capillifolium Hieracium gronovii 


virginicus var. glaucopsis 
E. que reifolius 
Phytolacca americana walteri 


E. rotundifolium Lactuca canadensis 


Sporobolus poiretii L. graminifolia 


THE Cape Cop AREA 

During the summer of 1952 the author compared 
the salt spray community of the Cape Cod area with 
its southern counterpart. Generally the community 
structure of the two areas is similar, differing prinei- 
pally in floristic composition. In addition there is 
greater local variation in zonation and dominanee in 
associated with the 
numerous morainie shore-line features. The 
glacial erosion by wind, waves and littoral currents 
has resulted in the formation of cobble beaches, bar- 
rier beaches, sea cliffs, truncated headlands and dunes. 
Each of these physiographic features results in slight 
modifications in the structure of the community. 

The cobble beaches are usually associated with 
truncated headlands or sea cliffs. Few plants occur 
on the cobbles and boulders of the lower and upper 
beach so that the herbaceous zone normally begins 
in these areas on the tops of the headlands and cliffs. 
Occasionally the herbaceous zone is practically absent 
and the shrub zone begins at the crest of the bluffs. 

The barrier beaches separate shore-line lakes and 
estuaries from the ocean and are commonly composed 
of sand. The herbaceous zone is normally well de- 
veloped and frequently a fringe of the shrub zone 
occurs on the inland side of the barrier. The arborous 
zone normally occurs on the inland shores of the en- 
closed lakes and estuaries. 

The zonation and physiognomy of the vegetation 
on the dune areas, as those on Sandy Neck near 
Barnstable, are similar to those of the southern coast. 
However, the dominant species are quite different. 
The principal dominants of the three zones are pre- 
sented in Table 3. 


the Cape Cod area which is 


post- 


TABLE 3. Principal Species of the Cape Cod Salt Spray 
Community. 


Zone 


Euphorbia 
Convolwulus sepium 
Solidago sempervirens 
Xanthium echinatum 
Sonchus oleraceus 
Hudsonia tomentosa 


Herbaceous 
Ammophila breviligulata polygonifolia 
Atriplex patula var. hastata 
Salsola kali 
Arenaria peploides 
Cakile edentula 
Lathyrus japonicus 


Shrub Zone 
Tlexr 


Gaylussacia 
Myrica gale 


verticillata 
baccata 


Myrica pennsylvanica 

Prunus maritima 

P. serotina 

Rhus copallina 
Arborous Zone 


Quercus velutina Ilex opaca 

Q. ilicifolia Pinus sylvestris 
Q. alba P. rigida 
Juniperus virginiana Fagus grandifolia 
Prunus serotina 
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WIND 

The desiccation of exposed leaves and shoots by 
coastal winds has been proposed as a theory to ex- 
plain the zonation and asymmetric growth of coastal 
plants. However, much of the voluminous literature 
concerning the effect of wind on coastal plants is 
descriptive and many of the conclusions are based on 
observations without adequate experimental evidence. 

The notable experiments of Hansen (1904), in 
which he attempted to demonstrate the tip injury of 
leaves with a “wind machine,” are not very conclusive 
since injury to the leaves occurred only when soil 
moisture low. On the sand dunes near 
Chicago, where asymmetric growth of plants is absent, 
Cribbs (1921) found that the rate of transpiration 
was not appreciably lowered until the percentage of 
soil moisture approached the wilting point. Also 
Cribbs, Cowles (1899) and others observed no leaf 
tip injury on the midwestern dunes during high winds 


was very 


or drought periods. 

Bernbeck (1924), after extensive investigations of 
the effects of wind on plants, concluded that desic- 
cation was secondary and that mechanical injury was 
of prime importance. 

Other investigators have measured the relative rate 
of evaporation from porous-cup atmometers on dunes 
and on inland areas. On Long Island, Transeau 
(1908) found the rate of evaporation on dunes was 
only one half as much as in an inland eultivated 
garden. Bauer (1936) and Shreve (1927) also dis- 
covered lower rates of evaporation at coastal than at 
inland stations on the California coasts. However, 
Davis (1942) found higher rates of evaporation on 
the beach than in the shelter of mangrove swamps of 
Florida. 

Martin & Clements (1935) showed that sunflower 
plants grown under a continuous wind of 11.2 m/see 
are stunted and gnarled. However, the wind did not 
result in necrosis of the leaves or death of the terminal 
shoots which is typical of plants exposed to oceanic 
winds. 

Observations of plants on the North Carolina and 
Cape Cod dunes indicate that wind alone does not 
cause death of the leaves or the terminal shoots and 
does not induce the typical espalier growth forms of 
coastal plants. Winds from inland areas are fre- 
quently of the same velocity and duration as oceanic 
winds which induce asymmetric growth forms in 
dune plants. However, the former have never been 
observed to induce asymmetry or leaf necrosis. An 
example of the contrasting effects of inland and 
oceanic winds is presented in Figures 5 and 6. These 
pictures show a shrub of Myrica pennsylvanica on the 
Long Neck dunes of Cape Cod. In Figure 5 the 
espalier canopy induced by the oceanic winds from 
Cape Cod Bay is apparent. Figure 6 shows the 
landward side of the same shrub. In this ease the 
inland winds were of sufficient intensity and duration 
to erode the dune and expose the roots of the plant 
but did not induce an espalier canopy. The seaward 
side of the shrub had many yellow leaves and con- 
tained twigs which had been uniformly killed at the 
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pennsylvanica on 


Fig. 5. Seaward side of Myrica 


Long Neck dunes, Cape Cod. 





Inland side of the same shrubs as Figure 5. 


Fig. 6. 


tips. Parts of the landward side of the shrub had 
died when the roots were exposed but there was no 
evidence of a uniform killing of the leaves and twigs. 
The symptoms of desiccation of plant cells have 
been investigated by several authors. Holle (1915) 
did not find plasmolysis in desiceated cells of Rhoeo 
discolor but found infolding of the cell walls. Thoday 
(1921) described extreme shrinkage in wilted cells of 
several African plants but no plasmolysis was ob- 
served. When microtome sections of the leaves were 
cut dry and mounted in oil, he found the epidermal 
and palisade cells had fine “bellows-like” folds. Tljin 
(1927, 1937) has described the sequence of events 
during the wilting and desiccation of microscopical 
preparations. First the whole cell shrinks slightly; 
then the vacuole, continuing to decrease in volume, 
exerts a stress on the protoplasm and tears it from 
the cell wall which has already ceased to shrink. He 
regarded the mechanical deformation and laceration 
of the protoplasm as the chief cause of death which 
occurred before the cell sap had entirely evaporated. 
Iljin never observed plasmolysis during wilting. 
During the summer of 1951, the author cut many 
cross-sections of leaves of Iva imbricata, Ilex vomi- 
toria, Phytolacca americana and’ Erigeron pusillus 
with a sliding microtome and mounted the sections 
in paraffin oil. The leaves and the knife were coated 
with paraffin oil to reduce desiccation. The oil very 
quickly filled the intercellular spaces of the sections 
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and facilitated the observation of the condition of 
intact cell walls. 

When detached leaves of the above plants were al- 
lowed to partially dry in the shade, the walls of the 
palisade and epidermal cells showed fine invaginations 
as pictured by Thoday (1921). If the leaves were 
allowed to dry to the point of curling and wrinkling, 
then complete collapse of many of the cell walls oc- 
curred as shown by Iljin (1937). However, if the 
leaves were previously killed with boiling water, 50% 
alcohol or sea water, large infoldings of the cell walls 
occurred and the fine, crenate type of invaginations 
were not apparent. On the North Carolina dunes, 
oil-mounted microtome sections of these leaves were 
observed under different conditions of wind. 

The wind velocities of the Carolina coasts 
never constant but range from low velocities, 1 to 3 
m/see, to velocities of 18 to 20 m/see during storm 


are 


periods. During non-storm periods the velocities 
follow a diurnal pattern. The nights are normally 


calm. Soon after sunrise, the wind speed begins to 
increase, reaches a maximum between 2:00 and 4:00 
P.M., then declines until 8:00 or 9:00 P.M. The 
wind velocities cited in the following paragraphs are 
based on the average afternoon maximum as measured 
by a cup anemometer on the foredunes at 3 m above 
sea level. 

During periods when the maximum afternoon wind 
velocity was 1 to 5 m/sec the mesophyll cells usually 
remained turgid throughout the day. On hot, bright 
days both the windward and leeward leaves of 
Erigeron and Phytolacea showed evidence of tempo- 
ary wilting but regained turgidity during the night. 
No change was observed in the leaves of Iva or Ilex. 

During a four day period with maximum afternoon 
wind velocities of 5 to 7 m/see the leeward and wind- 
ward leaves of Erigeron and Phytolacea showed 
evidence of temporary wilting on the first day of 
wind but recovered during the night. The cells of the 
wilted leaves did not show evidence of invagination 
of the walls. During the second day of wind the 
cells maintained their turgidity even though the wind 
velocity approached 7 m/see in the afternoon. On 
the third day of wind the leaves were extremely 
turgid and no sign of wilting was observed. When 
the plants were observed on the morning of the fourth 
day, when the wind velocity was still about 4 m/see, 
the tips of the windward leaves had begun to turn 
brown and were dry. Cross sections of these leaves 
showed that the cells immediately behind the injured 
tip were extremely turgid and showed no evidence of 
invagination of the cell walls. The cells of the injured 
leaf tips were distorted in drying but did not show the 
fine infolding and collapse which is typical of desic- 
sated cells. The leaves of Iva and Ilex did not show 
evidence of wilting or tip injury but on the fourth 
day of wind the cells were extremely turgid. 

Under average wind speeds of 7 to 9 m/see the 
same sequence of events occurred in the leaves of 
Erigeron and Phytolacca with one exception: the 
leaf tip injury oceurred within 24 hours instead of 
on the fourth day of wind. The leaves of Ilex showed 


G. Boyce 37 


little change until the third day when the mesophyll 
cells were extremely turgid and showed evidence of 


swelling. Some of the upper leaves turned yellow, 
then dark brown and eventually dropped off. The 
windward leaves of Iva were very much swollen on 
the third day, when some of them turned yellow and 
a few showed injury at the tips. There was no evi- 
dence of invaginated cell walls in the yellowed leaves 
of either Iva or Ilex. 

At higher wind velocities, up to 16 m/sec, the same 
sequence of events took place, with the exception that 
there was less swelling of the cells and injury oceur- 
red much more quickly in all the species. The cell 
walls of the injured tips of all the species were dis- 
torted when dried, but did not show the typieal col- 
lapse of cell walls that is associated with desiceative 
injury. Indications of plasmolysis were not observed 
in any of the species examined. 

The leaves on the leeward side of Iva and Ilex did 
not show signs of injury under wind velocities of 10 
to 12 m/see. However, the entire tops of Erigeron 
and Phytolacea were frequently killed under wind 
speeds of 7 to 8 m/see. 

Several difficulties were encountered in using the 
oil method. It was found difficult to eut thin sections 
of leaves which had small cells. However, 20 to 30 
micron sections could be cut from leaves of Iva, Ilex, 
Krigeron and Phytolacea and intact cells could be 
observed. Another difficulty arose from the fact that 
it was impossible to cut fresh leaf sections without 
rupturing some cells and releasing the fluids into the 
intercellular spaces. It was thought that these fluids 
might affect the condition of the intact cell walls. 
To test this, leaves of Iva and Ilex were removed 
from the plants, allowed to dry partially, then see- 
tions were cut and mounted in oil. In these leaves, 
infolding of the cell walls was evident. This observa- 
tion indicates that the cell walls of the intact cells 
were little affected by the fluids of the cut cells. 

The absence of invaginations in the cell walls of 
coastal plants does not mean that wilting does not 
occur. The fact that the cells of the leaf tips were 
extremely turgid immediately before coagulation of 
the protoplasm is evidence that desiccation, as de- 
seribed by Ijin, is not the injurious mechanism. 
Also the fact that the dried cells in the injured leaf 
tips did not show the fine, crenate type of invagina- 
tions suggests that the protoplasm was coagulated 
before the cells dried. 


SANDBLASTING 


Several 


OF VEGETATION 

authors have proposed that wind-blown 
sand was a factor in the formation of espalier forms 
of dune plants (Hartz 1895, Gerhart 1900, Olsson- 
Seffer 1909, Kurz 1942). Cowles (1899) described 
the sandblasting of plants on the Lake Michigan 
dunes. However, the espalier forms typical of coast- 
al plants are absent in this area. Purer (1936) 
noticed sandblasting injuries on the stems of Cali- 
fornia dune plants. House (1914) observed sand- 
blasting on plants of the Coos Bay dunes and noted 
that most of the injury oceurs close to the level of 
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the ground. Rempel (1936) discussed the sandblast- 
ing of vegetation on the dunes of the Salton Sea. 
He observed that such wounding was restricted to 
the woody perennials and was most severe within 60 
Fresh wounds were not observed 
on any of the plants. He concluded that sandblasting 
in this area is a slow process. 

In order for sandblasting to be an important factor 
in the formation of espalier growth forms on coastal 
dunes, the sand particles would have to be transported 
in the wind stream by turbulent suspension. Bag- 
nold (1941) intensively investigated the physies of 
blown sand and classified the movement of sand parti- 
cles into two categories. Most of the sand moves by 
sand creep, but some of the sand moves by saltation. 
In the latter case he found the particles were not 
held in suspension by the air but derived their heights 
from the partially elastic impacts with the ground. 
Rossby (1943) found turbulent suspension to be of 
negligible consequence in the movement of sand at 
Benton Harbor, Michigan, and attributed the trans- 
portation to creep and saltation. His data showed 
that less than 20% of the particles rebounded to a 
height of 48 em during a wind speed of approxi- 
mately 9 m/sec. 

Sandblast injury was observed on plants of the 
North Carolina and Cape Cod dunes, but the degree 
of injury was minor. No decortication or destrue- 
tion of leaves was observed on any of the plants. 
Erosion of the bark was confined to the perennial 
species and always occurred close to the ground. 

The heights to which the particles rebound on the 
Carolina coast determined with smoked glass 
slides. The slides were exposed for 30 seconds at a 
45° angle to the wind stream and at 10 em intervals 
of height up to 100 em. As shown in Figure 7, salt 
spray droplets produced tear-shaped marks and the 
sand particles caused irregular marks on the smoke 
film. With this method the number of sand grains 
could be separated from the salt spray particles. A 
low power microscope was used to count the number 
The data are presented 


em of the ground. 


was 


of sand marks per unit area. 
in Table 4. 

4, Number of Sand Particle Marks/sq 
Smoked Glass Slides. 


TABLE 


em/minute Reeorded on 





HEIGHT IN CENTIMETERS 
Wind velocity —— ,———- 
m/sec 10 30 50 7 90 


2 0 0 
2154 | 561 11 
3034 | 643 10 


7 
3510 
5812 


These observations substantiate the conclusions of 
the above authors that turbulent suspension is of 
little The 
particles are never transported at heights that would 
result in sandblasting of the tops of the shrubs and 
certainly not the tops of the live oak trees. 


consequence in the movement of sand. 
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Fie. 7. Photograph of marks on a smoked glass slide 
made by sand grains and salt spray droplets. Particles 
struck slide at an angle from top of photograph (en- 
larged 147 times). 


SALINITY OF THE SUBSTRATUM 

The dune sands of many coastal areas have been 
shown to contain extremely low concentrations of 
dissolved salts. Kearney (1904) determined the 
salinity of the coastal dunes of Massachusetts, Vir- 
ginia and California. The greatest concentration of 
salts in any of the sands did not exceed the maximum 
occurring in ordinary cultivated soils. Kelley (1925) 
found less than 0.0001% chlorides in the dunes of the 
New Jersey coasts. Martin & Clements (1939) found 
the osmotic concentration of the water table under 
the Santa Barbara dunes to be less than 5 atmospheres 
as contrasted with 11 to 16 atmospheres near the 
surf. Oosting & Billings (1942) could show no cor- 
relation between soil salinity and plant distribution 
on the North Carolina dunes. 

The surface layer of dune sands have been shown 
to have a high concentration of chlorides while the 
underlying layers contained low chlorides. Hill and 
Hanley (1914), Osborn & Wood (1923) and Gooding 
(1947) attributed this surface crust of chlorides to 
salt spray. Turmel (1949) found the concentration 
of chlorides in. the surface layer of sand to vary with 
exposure of the dunes to oceanie winds and ascribed 
the difference to salt spray. 

There is no reason to suspect the chloride content 
of the dunes on the North Carolina coasts to be any 
different from that found by the above authors. How- 
ever, the chloride content of sand samples from four 
stations on one of the Long Beach transeets was de- 


termined. At each station approximately 100 g of 
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TaBLe 5. Chloride Content of Sand Samples from 


Dry Weight of the Sand. 


Transect IT, 
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seach, Expressed as Percent Oven 


Long 





Conditions 
Top of foredunes 


1 em 15 em 


Collected after 4 days of southwest 


wind with no rain 0.0043 0.0008 


Collected after an afternoon rain 0.0008 0.0007 


Collected 3 days after a rain 0.0041 0.0008 


sand was taken from the upper 1 em layer and ap- 
proximately 100 g was collected at a depth of 15 em. 
Each sample was washed with 200 ml of distilled 
water, which was then evaporated to about 50 ml. 
The chloride content was determined by titration with 
silver nitrate, using potassium chromate as an in- 
dicator. The sand samples were then dried in an 
oven and the chlorides expressed as percent of oven 
dry weight. The data are presented in Table 5. 

These determinations agree with the conclusions of 
the above authors. The high concentration of 
chlorides on the lee side of the foredune is possibly 
due to salt encrusted sand particles that were blown 
over the dune. The low values obtained after a rain 
indicate that most of the chlorides are leached from 
the sands by the frequent rains. 

Since salts deposited as salt spray remain on the 
surface and rains rapidly leach them through the 
sands, a negligible quantity of chloride is absorbed 
by the roots of dune plants. 


SALT SPRAY 
SOURCE OF SALT SPRAY 

Meterologists have been interested in atmospheric 
salts as condensation nuclei and have presumed the 
oceans to be an important source of these nuclei. 
Woodcock & Gifford (1949) and others have experi- 
mentally demonstrated the presence of numerous 
droplets of concentrated sea water in the air layer 
over the ocean. Recently, Boyce (195la) proposed 
that droplets of sea water become air-borne by the 
process of effervescence as outlined by Stuhlman 
(1932). 

The swash, formed by waves breaking on the beach, 
and white caps produce foam and myriads of bubbles 
of various diameters. The bursting of the foam 
bubbles does not eject droplets into the air although 
the foam may be carried several yards inland. How- 
ever, the bursting of individual bubbles spread over 
the sea surface by the oscillating swash and white 
caps results in tiny droplets of sea water being force- 
fully ejected into the air. The jet, rising from the 
center of the concave surface left by an exploding 
bubble, rises to a sufficient height to form an un- 
stable column of liquid which breaks into drops. As 


STATION 
100 meters from 
mean tide 


75 meters from 


Lee of foredunes mean tide 


1 em 15 em 1 em 15 em lem 


15 em 


0.0035 0.0008 0.0034 1) .0008 0.0035 0.0008 


0.0007 0.0008 0.0008 0.0008 0.0007 0.0008 


0.0036 0.0008 0.0032 0.0007 0.0030 0.0008 


shown by Stuhlman (1932) several droplets were 
ejected by a single jet, and the height to which the 
droplets rise is a function of bubble diameter when 
the interface has the same molecular structure as the 
liquid. Due to the constant motion of the ocean, a 
freshly formed surface in the swash and in white caps 
can be assumed. Consequently the height to which 
droplets are ejected from the sea surface can be cor- 
related with bubble diameter. 

The height and diameter of droplets ejeeted by 
bubbles from a fresh surface of sea water was de- 
termined experimentally by a method similar to that 
of Stuhlman. Bubbles were formed at the ends of 
glass capillary tubes, drawn to different size tips, and 
placed 5 em below the surface of the liquid. Air 
under constant pressure was obtained from a large 
storage The diameters of the bubbles 
were measured with a twenty-seven power microscope 
and a calibrated ocular micrometer. The heights of 
the highest droplets were determined by the use of 
oiled glass slides attached to a cathetometer. 

For each determination, a capillary tube, which pro- 
duced bubbles of approximately the desired diameter, 
was placed in a large bow] of fresh sea water. The 
chlorinity of the sea water was 19.1 p.p.t. and was 
maintained at a temperature close to 20°C. The flow 
of air was regulated so that single bubbles were 
formed at about 15 second intervals. The oiled slide 
was then tranferred to the stage of a microscope and 
the diameter of the hemispheres determined. The 
flattening coefficient, 0.80, determined by Houghton 
& Radford (1938) for water droplets resting on a 
vaseline surface, was used to estimate the spherical 


reservoir. 


diameters, 

The estimated diameters of the droplets are not 
inferred to be the diameters of the droplets at the 
moment they are necked off from the jets of the 
exploding bubbles because of the rapid evaporation 
of droplets of this size (Langmuir 1944). The air 
temperature of the laboratory was 21°C and the 
relative humidity 83%. Figure 8 shows the average 
droplet diameters, at equilibrium with the vapor pres- 
sure of the laboratory, plotted against the average 
bubble diameter. Figure 9 shows the maximum height 
to which droplets are ejected by bubbles of different 
diameters and Figure 10 shows the numbers and 
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Fig. 8. Average diameter of droplets ejected by bub- 
bles of sea water. Temperature 21°C, relative humidity 
83%. 
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Fic. 9. Maximum height to which droplets are ejected 
by bubbles of sea water. 
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Fig. 10. Frequency of salt spray droplets of different 
diameters caught on oiled glass slides at 15 m from the 
swash on Long Beach. Temperature 23°C, relative hu- 
midity 86%, wind speed 8 m/sec. 
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diameters of droplets sampled at 15 m from the 
swash on Long Beach (relative humidity 86%, tem- 
perature 23°C, wind velocity 8 m/sec). 

From these data it can be seen that bubbles between 
1 and 2 mm eject droplets to the greatest height and 
that the diameters of these droplets when at equilib- 
rium vapor pressure with the atmosphere are within 
the range of the salt spray particles collected on the 
Carolina coast. Also, the droplets are small enough 
to be carried by the lower wind speeds which occur 
at the air-sea boundary due to wind stratification. 

When waves crest and break in the surf, large drop- 
lets of water are pitched from the crest and the front 
of the wave. These droplets may also contribute to 
the total number of spray particles carried inland by 
winds. The significance of cresting waves was in- 
vestigated with the use of a salt-sensitive paper. 

Filter paper, of the 9 em size, was dipped in 0.01N 
potassium chromate and air dried. The dried paper 
was then dipped in 0.02N silver nitrate and finally in 
distilled water to remove the excess silver nitrate and 
redried. When droplets of sea water fell on the 
paper, light yellow spots were formed by the chemi- 
cal action between silver chromate and the halides of 
the sea water. The size of the spots is a relative 
measure of the size of the droplets, but is not a 
measure of the actual size of the droplets at the 
moment of impingement on the paper. For com- 
parison of quantitative amounts of salt at each sta- 
tion, the paper was standardized by titration of 
samples with a known solution of sodium chloride. 
The difference between the titration value of the 
standardized samples and that of the exposed paper 
was taken as an indication of the quantity of salt 
caught at each station. 

Stations were located 5 m apart from the upper 
strand to beyond the breaking waves. The salt sensi- 
tive paper was thumbtacked to wooden stakes at a 
height of 50 em above the strand and the water. Ob- 
servations were made with a landward wind of 1.7-3.5 
m/see and with an outgoing tide. With this low 
wind velocity there were no visible white caps beyond 
the surf zone and consequently there would be few 
bursting bubbles beyond the surf. 

The papers beyond the breaking waves showed 
negligible evidence of spray. One paper, when ex- 
amined under twelve-power magnification, showed 
several dots less than 0.5 mm in diameter. Above and 
immediately in front of the breaking waves, spots 
4-20 mm were formed, with only an oceasional dot 
less than 1 mm in diameter. Above the bursting 
bubbles of the swash numerous dots were formed 
‘anging up to 2 mm in diameter with a mean of 
about 1 mm. Papers on the strand, 12 m from the 
highest edge of the water, showed the highest number 
of dots, but these were somewhat smaller than those 
of the swash. 

Titration with sodium chloride did not show a 
significant difference in salt concentration between 
papers of the strand and those of the swash. This 
is possibly due to the larger number of smaller drop- 
lets caught on the strand. Those above the breaking 
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waves showed the highest salt concentration because 
of large droplets being pitched by the breaking force 
of the waves. These drops are considered to be too 
large to become airborne and, therefore, are not a 
part of the spray particles carried inland by winds 
of normal velocity. Under these conditions the papers 
beyond the surf did not show a perceptible amount 
of salt. However, large quantities of salt were col- 
lected beyond the surf at a later date when white caps 
were present. It is evident that any disturbance on 
the open ocean which forms small bursting bubbles 
would be a source of salt spray. 
DEPOSITION OF SALT SPRAY PARTICLES 

The total concentration of salt deposited on coastal 
plants as salt spray is influenced by the physical 
factors of impact deposition. Langmuir & Blodgett 
(1945) made a mathematical study of water droplet 
trajectories and found the maximum total efficiency 
of drop deposition on ribbons. 

Woodcock & Gifford (1949), using Langmuir’s 
equations, estimated the deposition efficiency of sea- 
salt nuclei in air streams of different velocities. They 
showed that an inerease in wind velocity increases the 
deposition efficiency of small droplets but has little 
effect on droplets above 20y, in diameter. Deposi- 
tion efficiency on one millimeter wide ribbons changes 
rapidly with droplet size for droplets near 5y, in 
diameter. For droplets less than 5y, diameter in an 
air stream of 15 m/see, deposition efficiency is less 
than 60%; while deposition efficiency of droplets 
10y, and above in diameter in the same air stream is 
above 95%. 

A rectangular test plate, 10x15 em, and a 1x15 mm 
glass slide were exposed by Woodcock (1950) on a 
dock at Woods Hole, Massachusetts. From his data, 
part of which are reproduced here, it is obvious that 
efficiency of deposition is about seven times greater 
for the small glass slide: 





| 1x15 mm 
glass slide 


10 x 15 em plate 


Distance from edge 
of plate, mm... | 1 112.5)25 


mg salt/sq em/day 4.2) 3.3} 3.1) 3.0) 2.6) 24.1 


Also, the efficiency of deposition is greater on the 
margins of the test plate than near the center. When 
the weights of the nuclei were determined, using a 
special microscope under controlled humidity and 
temperature conditions, he found that few of the 
smaller particles, less than 1x10—* g, were deposited 
on the test plate. 
DEPOSITION ON LEAVES AND TWIGS 
From the above information it is apparent that 
the size of salt spray droplets deposited on coastal 
plants will vary with the size and position of the col- 
lecting surface, the leaves and twigs. The small 
1 mm wide leayes of Spartina patens and the needles 
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of pine trees will be more efficient collectors of the 
smaller droplets and will accumulate more salt per 
unit area than large leaves. The flat leaves of Iva 
imbricata will accumulate less salt per unit area when 
the broad surface is oriented normal to the wind than 
when oriented with the thin edge to the air stream. 

It was thought that leaf size and leaf orientation 
might be factors influencing the tolerance of plants to 
salt spray. To investigate the difference in total 
concentration of salt deposited on leaves of different 
sizes and oriented in different directions, oiled glass 
slides were used as spray collectors which were pre- 
pared as described by Houghton & Radford (1938). 
Microscope slides 15x75 mm were cut so that the 
tips resembled the entire elliptic shape of the average 
leaf of coastal plants. The slides were exposed for 
30 seconds. The coverage fraction (the percent of 
the slide surface covered by the drops) was less than 
ten so that coalescence of the nuclei was insignificant 
(Langmuir 1944). The diameters of the hemispheres 
on the measured on the dunes with a 
microscope which was protected from salt spray. 
Since the size of the droplets vary with the vapor 
pressure of the atmosphere, accurate comparisons 


slides were 


can be made only under the same conditions of tem- 
perature and humidity. These were measured with 
a hygrothermograph placed near the microscope and 
protected from salt spray. As a check against the 
measurement of droplet size, some of the slides were 
washed with distilled water and titrated for chlorinity. 

In every case the largest numbers of small droplets 
(less than 20y,.) occurred at the tip and margins of 
the slides. Very few droplets less than 5y, in di- 
ameter were collected except when the slides were 
oriented with the edges normal to the wind. Large 
droplets (50 to 100u.) occurred at random over the 
slides and did not appear to be concentrated in any 
particular area. 

The average salinity of 10 slides of different sizes 
exposed to salt spray for 30 seconds is presented in 
Table 6. The wind velocity was between 10 and 11 
m/sec. The smaller slides represent leaves with the 
margin oriented normal to the wind and the larger 
slides represent leaves with the broad surface oriented 
normal to the wind. Assuming an Iva leaf 25x50x1 
mm, it would collect a total of 2.6 mg of salt/hr when 
the broad surface is oriented normal to the wind and 
a total of only 0.70 mg salt/hr when the margin is 
oriented normal to the wind. Even though the ef- 
ficiency of deposition is greater for needle leaves and 
leaves with their margins oriented normal to the 
wind stream, the total concentration of salt collected 
is greater for large leaves when the broad surface is 
oriented normal to the wind. 

Observations of coastal plants have failed to show 
a consistent pattern of orientation of leaves normal 
to the wind stream. The great variability of leaf 
size and leaf orientation of coastal plants precludes 
a correlation between and tolerance to salt 
spray. 

Since the glass slide collectors are rigid, the pat- 
tern of deposition would be an ideal pattern and not 


these 
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Average Salinity of 10 Slides Exposed to 
30 Seconds. 


TABLE 6. 
Salt Spray 





SIZE OF SLIDE, MM 


25 x 50:10 x 50)5x 15} 2x10/1x 10 





mg /salt/sq em/hr. 0.21 | 0.25 | 0.24 | 0.86 | 1.4 


the actual pattern of deposition that occurs on moving 
and flapping leaves. To investigate droplet deposi- 
tion on moving leaves, artificial leaves were made 
from salt-sensitive paper. The paper was cut in the 


shape of entire elliptic leaves and stiffened with 


eut in 
side. 


thin cardboard which was the shape of 
veins and glued to one The “leaves” 
were attached to coastal plants with wire “petioles” 
and exposed to salt spray for five to ten minutes. 
Wind speeds were 9 to 10 m/see. Instead of the 
highest concentration of salt occurring at the tip and 
the upper margins, as on the glass slides, the highest 
deposition of salt occurred from the base to the mid- 
dle of the “leaf.” The flapping tip of the “leaf” 
still collected some salt. When the “leaves” were 
made rigid with wire and attached to moving twigs, 
there was an even distribution of salt and no evidence 
of concentration in any particular area. It seems 
that there is a uniform deposition of salt on moving 
leaves of coastal plants rather than a concentration 
of salt near the tip and margin as occurs on rigid 
glass slides. 

The deposition of spray particles on twigs is very 
similar to that on leaves. The highest concentration 
is deposited on the windward side and very little is 
deposited on the leeward side. 


DEPOSITION ON ENTIRE PLANTS 

According to the principles of impact deposition, 
a large uniform surface would have a lower deposi- 
tion efficiency than an irregular rough surface. 
It can be hypothesized that a shrub with an upright 
open crown, having numerous projecting twigs and 
leaves, would have a high deposition efficiency ; where- 
as, a shrub with a uniformly closed crown would 
present a large uniform surface with a low deposi- 
tion efficiency. Shrubs and trees with crowns of the 
latter type are common on coastal dunes which are 
exposed to salt spray. 

To test the above hypothesis, oiled glass slides and 
artificial leaves of salt-sensitive paper were exposed 
at different positions in the canopy of coastal plants. 
Table 7 shows the size distribution and frequency of 
particles trapped at three locations in the canopy of 
a specimen of Myrica. The slides were exposed for 
thirty seconds and the wind speed was between 9 and 
10 m/sec. The data for column 1 were obtained from 
three slides located 10 em below the average level of 
the canopy. Column 2 represents the droplets caught 
on three slides located at the level of the upper leaves 
of the canopy. The data for column 3 were obtained 
from three slides located 10 em above the average 
level of the canopy. This pattern of deposition was 
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TABLE 7, Size-distribution and Frequency of Salt 

Spray Particles Trapped on Oiled Glass Slides in the 
Canopy of a Specimen of Myriea. 





NUMBER OF PARTICLES 


Diameter of | —————— - —— 
particles 10 cm below} At level of | 10 em above 
-“anopy canopy -anopy 
11 15 9 
28 26 25 
32 48 49 
26 49 49 
9 | 53 
5 - 67 
) 45 86 
92 
65 
49 
34 


found to be the same in the espalier canopies of live 
oak, red cedar and Ilex vomitoria. 

The broad uniform canopy results in a low dep- 
osition of salt on the leaves just below the average 
level of the canopy. The upper leaves of the canopy 
are also subjected to a relatively low concentration of 
salt. However, any young shoot or leaf which pro- 
jects above the average level of the canopy serves as 
an efficient collector and is killed by the higher con- 
centration of salt. The espalier shape of the shrubs 
is maintained by the elimination of any twigs or leaves 
which project above the average level of the canopy. 

Figure 11 shows the bisect of a specimen of red 
cedar which was located in the shrub zone on Long 
Beach. The numbers refer to the average milligrams 
of salt deposited/sq em/hr on ten oiled slides, which 
were exposed for one minute each at the respective 
locations. Wind speed was 8-9 m/sec. Glass slide 
collectors exposed around shrubs of Ilex vomitoria, 
Myrica cerifera and Quercus virginiana showed the 
same pattern of deposition. 


SALT > 
SPRAY 


Fic. 11. Bisect of a specimen of red cedar showing 
the average mg of salt deposited/sq em/hr on ten oiled 
glass slides. Wind speed 8-9 m/sec. 

The leeward and interior portions of a shrub re- 
ceive the lowest concentrations of salt. The deposi- 
tion pattern in the upper canopy is similar to that of 
the Myrica canopy just discussed. The few dead 
twigs above the front part of the canopy serve as 
efficient collectors and result in a reduction of the 
leeward spray intensity to about one-half that of the 
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normal air stream. This confirms previous observa- 
tions that a few dead twigs or other obstructing ob- 
jects give greater protection to leeward leaves than 
would be expected on the basis of impact deposition. 

In the laboratory, the degree of protection afforded 
by twigs was investigated with the use of glass rods 
(5 mm diam) which were held vertically by a wooden 
board with uniformly spaced holes. Artificial salt 
spray was produced by subjecting a sea water sur- 
face of bursting bubbles to an air stream which was 
produced by a fan. The bubbles were formed by 
forcing air through a section of perforated plastic 
tubing which was coiled beneath the sea water surface. 
The range in size of the spray particles was similar 
to that of particles caught on the foredunes of the 
coast. The wind speed over the water surface aver- 
aged about 7 m/see. 

Table 8 presents the amount of salt trapped on the 
leeward side of the rods with glass slides. Each 
value is the average of ten slides, which were ex- 
posed for one minute. According to these data, the 
efficiency of the rods as a filtering system is not in- 
fluenced by staggering the rows, but is influenced by 
the distance between the rods. The greatest increase 
in filtering efficiency occurs with distances less than 
10 em. With a decrease in distance from 5 to 1 em 
there is little increase in filtering efficiency. 


TABLE 8. Milligrams of Salt Trapped on the Leeward 
Side of Glass Rods. 





mg salt/sq em/hr 








Distance | Distance behind rods 
Arrangement of rods between |——— =—|———_——— 
rods cm 10 em 30 cm 
Without rods.......... ee 1.62 1.61 
Single row...... ane 20 1.59 1.60 
Single row........ ; 10 1.41 1.18 
Single row......... Sh 5 0.80 0.56 
Single row....... ee 3 0.79 0.37 
Single row....... tes 1 0.64 0.39 
Single row, staggered... . 10 1.40 1.19 
Single row, staggered... . 5 0.79 0.43 
Two rows. . eee so 10 1.42 1.10 
Two rows, staggered... . 10 1.41 1.13 
Two rows, staggered... . 5 0.80 0.42 

There is a distinct decrease in deposition with 

distance behind the rods. This is in keeping with 


observations on the coast in that young shoots im- 
mediately behind dead twigs are frequently killed 
while those a short distance behind the twigs are only 
slightly injured. 

The canopy angle varies with the intensity of 
spray. On Long Beach the front canopy angles were 
32-35° while those on the more exposed coast of 
Smith Island were 15-17° (see Table 1). The meas- 
urement of salt deposited on slides, which were lo- 
cated in shrub canopies of these two areas, confirmed 
the observation that the lower canopy angle is as- 
sociated with the higher salt spray intensity. Slides 
placed in the areas of the front and top canopy of 
the same plant showed that the low angle of the top 
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canopy is also associated with the higher spray in- 
tensity. The front canopy angle is the result of 
reduced salt spray intensity due to the deflection of 
the wind by foredunes or vegetation. In areas with no 
foredunes the front canopy angle has about the same 
value as the top canopy angle, while areas with large 
foredunes have large front canopy angles (48-54° on 
Topsail Beach). 

Since the canopy angle is associated with the in- 
tensity of salt spray, those of a particular area as- 
sume a value at which salt is deposited uniformly 
over the surface of the canopy. Table 9 shows the 
results of measurements of salt deposition on the front 
and rear parts of the top canopy of a live oak forest 
on Long Beach. The front station was 2.4 m above the 
ground, the rear station was 5.3 m high and 10 m 
from the front station. Each value is the average of 
the amount of salt deposited on 10 slides. 


TABLE 9, 
and Rear Parts of a Live Oak Canopy. 


Milligrams of Salt Trapped on the Front 





Part oF CANOPY 


Wind speed - — 


Front Rear 


m/sec 
mg salt/sq em/hr mg salt/sq em/hr 

i. ee 0.29 0.15 

8-9 0.31 0.21 

11-12 1.40 1.25 

12-1¢ 1.67 1.65 


At the lower wind speeds deposition is less at the 
rear station than at the front station. During periods 
of low wind speed that last for several weeks leaves 
and twigs at the rear station grow above the canopy 
and result in an increase in the canopy angle. How- 
ever, under conditions of higher wind speeds, as 
shown in Table 9, deposition at the rear station is 
increased and approaches that of the front station. 
The projecting leaves and shoots of the canopy are 
frequently injured during periods of medium spray 
intensity (wind speeds of 6-8 m/sec), but a general 
killing of the entire upper surface of the canopy oe- 
curs only during storm periods (wind speeds of 12- 
15 m/see). 

THE INTENSITY OF SALT SPRAY 

The relative intensity of salt spray at various sta- 
tions on the Carolina coasts was measured with cheese- 
cloth salt collectors similar to those designed by 
Oosting & Billings (1942). A wire coat hanger was 
stretched to form a square, cheesecloth was stapled 
over this frame and 1 sq dm was marked off in the 
center. The efficiency of deposition of spray parti- 
cles on this type of trap is lower than that on leaves 
and twigs and does not give a measure of the amount 
of salt deposited on the plants. However, the meas- 
urements are indicative of the relative intensity of 
spray at the different stations. 

The collectors were enclosed in new paper bags 
before an after the period of exposure to prevent 
At each station, the collectors were 


contamination. 
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attached to wooden stakes at a height just above the 
plants at the station. After an exposure, the col- 
lectors were taken to the laboratory where the 1 
of cloth was removed and placed in 100 ce of distilled 
water. Chlorinity was determined by titration with 
silver nitrate. Salinity was calculated with the for- 
mula: salinity = 0.03 + 1.805 x Cl p.p.t. (Sverdrup, 
Johnson & Fleming 1942). 

Exposures of the collectors were made during the 
early afternoon when wind speeds were normally at 
their peak and were fairly constant for several hours. 
A eup anemometer was set up over the foredune, 
about 3 m above sea level and wind speed was con- 
stantly tabulated throughout the exposure period. 
When the average wind speed changed as much as 1 
m/see, the exposed collectors were covered with paper 
bags and new ones were put in their place. Due to 
the attempt to confine the exposures to periods of 
uniform wind speeds, the exposure times varied from 
1 to 2 hours. 

Table 10 presents the average mgs salt/sq dm/hr 
collected on three Long Beach transects. As 
viously shown by Oosting & Billings (1942), spray 
intensity decreases rapidly with distance from the 
strand, and the greatest decrease in intensity occurs 
immediately behind the foredune. This decrease in 
spray intensity with distance from mean tide is ap- 
parently due to the increase in height and the decrease 
in velocity of the lower layers of the wind stream as 
it passes over the foredune and the vegetation. The 
reduced wind speed results in precipitation of the 
larger particles. 


sq dm 


pre- 


TABLE 10. Average mg salt/sq dn/hr Collected with 
Cheesecloth Salt Traps on Long Beach, North Carolina. 
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Figure 12 shows the mg salt collected at 20, 120 and 
270 m from mean tide plotted against wind speed. 
At wind velocities less than 5.5 m/sec, the spray in- 
tensity is very low but is relatively high at speeds 
above 7.5 m/sec. There is an abrupt change between 
wind speeds of 6 and 7.5 see which is represented 
on the curves by dotted lines. 

Munk (1947) has discussed critical wind speeds 
for air-sea boundary processes and pointed out that 
most processes are modified directly by the existing 
wind pattern. An exception occurs at a wind speed 
of about 7 m/sec, at which a number of processes 
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Fig. 12. Milligrams of salt caught with cheesecloth 
salt traps at 20, 120 and 270 m from mean tide plotted 
against wind speed. 
undergo abrupt changes. One of these processes is 
the formation of white caps, which are formed when 
the wind speed equals or exceeds foree 4 on the 
Beaufort seale (5.5-7.9 m/see). The transition is so 
striking it serves as one of the principal indications for 
judging surface winds. Munk found no foam patches 
on aerial photographs made at wind speeds less than 
5 m/sec. He showed that the explanation is based on the 
Kelvin-Helmholtz instability criterion. Applied to 
winds over the sea surface, this criterion gives in- 
stability for winds exceeding 6.5 m/see—the transi- 
tion from laminar to turbulent flow. 

It is probable that the abrupt increase in spray 
intensity at wind speeds between 5.5 and 7.5 m/see 
is due primarily to the increased formation of bubbles 
and the increased ejection of particles into the air 
stream although the increased carrying capacity of 
the wind is also a factor. 

The degree of injury that occurs on coastal plants 
in the summer months is also associated with the 
critical wind speed of about 7 m/see on the south 
facing coast. The prevailing southwesterly sea breeze 
may have a speed of less than 7 m/see for periods of 
one to two weeks. During these periods young shoots 
grow up from the canopies of the trees and shrubs 
in all directions. Several herbaceous species, which 
are intolerant to high concentrations of salt may in- 
vade the herbaceous and shrub zones. When the wind 
speed increases to above 7 m/sec for 10 to 12 hours, 
which is indicated by the presence of white caps, many 
of the young shoots and the tops of the intolerant 
species are killed by the abrupt increase in spray 
intensity. 

Salt spray intensity is influenced by the orientation 
of the coasts. During the summer months the south 
and southwest-facing coast from Long Beach to Fort 
Caswell, North Carolina, receives a relatively uniform 
sea breeze, from the prevailing southwesterly winds, 
which periodically exceed a velocity of 7 m/sec. The 
east-facing coast from Fort Fisher to Topsail Beach 
receives relatively little wind from the northeast dur- 
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ing the summer, and that rarely exceeds 7 m/sec ex- 
cept during storm periods. As a consequence, the 
vegetations of the two coasts are slightly different. 
The young shoots on the south-facing coast have 
shorter growth periods between periods of killing 
spray intensities which results in more uniform ecano- 
pies. On the northeast-facing coast the canopies 
are more irregular and there is a large number of 
long, dead twigs projecting above the canopy. In 
this case the young shoots have a long growth period, 
sometimes the entire summer, before the northeast 
storm winds of the fall increase the spray intensity 
to killing proportions. 

As previously mentioned, several transitory species 
appeared on the transects. These are listed in Table 
2. In the shrub and herbaceous zones of the south- 
facing coast none of these species grew to maturity 
and produced seed during the summers of 1950 and 
1951. The the plants were periodically 
killed by the occasional high spray intensity which is 
associated with the prevailing southwest winds. Due 
to the low spray intensity ‘on the east-facing coast, 
seeds developed on all of these species in the summer 
of 1950. However, in the summer of 1951 a period 
of high spray intensity during a northeast storm wind 
resulted in the death of all of these species before 
they reached maturity. Only Lactuca canadensis pro- 
duced seed and these were on a few lower branches, 
which were not killed by salt spray. These species 
seldom reproduce in the shrub zone on the south- 
facing coast and rarely, possibly once in three to 
five vears, reproduce in both the shrub and herbaceous 
zones of the east-facing coast. 

On Cape Cod, differences in growth forms between 


tops of 


the south and east facing coasts are also correlated 
with the frequency of southwest and northeast winds. 
Figure 13 part of the southwest facing 
shore of Buzzards Bay near Woods Hole. During 
the summer months the southwest winds are steady 
and the salt spray intensity is uniform and of high 
frequency. This prevents the growth of long termi- 
nal shoots and results in a uniform canopy. Figure 
14 shows part of a shrub on the northeast facing 
shore of Cape Cod Bay near Barnstable. Here, 
during the summer months, the northeast winds are 
unsteady and the salt spray frequency is low. This 


shows a 





Fig. 
Buzzards Bay, Cape Cod. 


13. Shrubs on the southwest-facing shore of 
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Fig. 14. Shrubby Prunus serotina on dunes of Sandy 
Neck, Cape Cod. 


permits the growth of long terminal shoots. How- 
ever, the northeast storm winds of the fall and spring 
are more violent and the salt spray intensity is high. 
The shoots are killed and leave the long dead stems 
shown in the figure. Under these storm conditions 
the black oak (Quercus velutina) and other species 
are eliminated from the salt spray community. The 
very salt-resistant bear oak (Q. illicifolia) forms an 
extensive salt spray climax forest over large areas of 
the east coast, particularly from Nauset Beach north 
to the dune area of Provincetown. The canopy is 
not uniform due to the long, dead twigs, which are 
indicative of the low spray intensities of the summer 
months. Wells (1939) described a similar salt spray 
climax forest on Smith Island, North Carolina, in 
which live oak (Q. virginiana) is the dominant. 

Sverdrup & Munk (1947) have shown that for a 
wind of any given velocity and unlimited duration 
the wave height is determined by the fetch. Fetch 
refers to the extent of ocean over which the wind 
has been blowing in a constant direction to produce 
the waves in question. The offshore islands, coves 
and projecting headlands on the south coast of Cape 
Cod sufficiently reduce the fetch to result in a re- 
duction of the intensity of salt spray on parts of the 
mainland. Figure 15 shows an extreme case in which 
Pinus rigida, a species intolerant to salt spray, is 
able to survive close to the strand due to protection 
afforded by Nobska Point. On the windward side of 
Nobska Point and a short distance east of this area, 
at Falmouth Beach, the spray intensity is greatly 
increased due to the increased fetch. In these areas 
the spray tolerant species again occur near the stand. 
On the south shore of Martha’s Vineyard, where the 
fetch is unlimited, measurements of salt spray showed 
the intensity to be equal, if not slightly greater, to 
that measured on the Carolina Coast (see Table 11). 
Severe salt spray injury was observed on specimens 
of Quercus velutina and Pinus rigida at 800 to 1000 
in from the south coast. 
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Pinus rigida growing close to the shore of 


Fig. 15. 
Vineyard Sound. These trees are protected from salt 
spray by a projecting headland—Nobska Point. 


The degree of protection is as varied as the shapes 
of coast lines and the angles with the coast at which 
the waves may be advancing. The complex interplay 
of factors that determine how much protection from 
surf may be expected has been thoroughly discussed 
by Bigelow & Edmondson (1947). The more abrupt 
the alteration in the trend of the coast and the farther 
from the corner along the more protected coast, the 
less surf there is under a given condition of wind and 
weather. If the angle between the oncoming waves 
and the sheltered stretch of the coast is great, e.g. 
100°, a very abrupt decrease in the height of the 
breakers usually occurs within a short distance from 
the corner. Shoal water, as in sounds, at the mouths 
of rivers, at inlets and where the slope of the bottom 
on exposed coast is very gentle, causes a reduction in 
surf. Waves normally begin breaking when they 
grow to the point where their heights are approxi- 
mately equal to the depth of the water and conse- 
quently may break on shallow shoals at some distance 
from the strand. In shoal water, waves develop un- 
til they are about as high as the water is deep then 
continue to travel onward at this height due to in- 
termittant spilling along the tops of their crests. 
According to Bigelow & Edmondson (1947), shoal 
water also seems to limit the sizes of waves in some 
other way. The distance, for example, in Pamlico 
Sound, North Carolina, is long enough from shore to 
shore (40 to 45 mi.) for the waves produced by the 
strong southwesterly winds of summer to rise to 9 
or 10 ft. toward the end of their run, where the water 
is 2 to 3 ft. deeper. But the waves are seldom, if ever, 
higher than 6 to 7 ft., no matter how strong the wind. 

The frequency of rains and heavy fogs reduces 
the degree of injury caused by salt spray. When rain 
is associated with high winds or occurs immediately 
after a period of high wind the degree of injury is 
greatly reduced or in many eases is not noticeable. 
In this case the salt is washed from the plants and 
leached from the soil. The greatest degree of injury 
is caused by “dry blows” when high winds (above 
7 m/sec) are not associated with or followed by rains 
for 36 to 48 hours. Also, during periods when the 
wind speed is less than 7 m/see, the frequency of 
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light rains and heavy fog reduces the accumulation 
of salts on the plants. Heavy fogs are rare on the 
Carolina coasts in the summer months. However, on 
the Cape Cod coasts, heavy fogs occur. Droplets 
of water large enough to fall from leaves and twigs 
are formed. 

PLANT RESPONSES TO SALT SPRAY 

Toxicity or OcEANIC SALTS TO DUNE PLANTS 

It is well known that normal sea water causes in- 
jury and generally results in death to most land 
plants. Since the sodium and chloride ions together 
make up about 85% of the total salts in sea water, 
it has generally been assumed that these ions cause the 
injuries that occur when land plants are exposed to 
sea water. In the case of salt spray, which is de- 
posited on the surface of the plants, it was not known 
whether the injuries were peculiar to the sodium and 
chloride ions or whether any combination of salts of 
the same concentration as sea water would cause 
similar injuries. 

The leaves of plants exposed to salt spray show a 
definite pattern of injury, which has been recorded 
by Wells & Shunk (1938). Neecrotie areas first ap- 
pear at the leaf tips and upper margins then progress 
slowly in an inverted V shape toward the petiole. 
This pattern was used as a criterion in the investiga- 
tion of the type of injury caused by several salt solu- 
tions which were sprayed on the leaves of several 
species. The species used were Phytolacca americana, 
Erigeron canadensis, Iva imbricata, Physalis maritima 
and Croton punctatus. The plants were grown in 
the greenhouse and were sprayed with the salt solu- 
tions (Table 11) three times a day. No attempt was 
made to maintain a constant ratio of the ions since 
the main objective was to reduce the concentration of 
sodium and chloride ions and to maintain a total salt 
concentration close to that of sea water (34.3 p.p.t.). 
The ratios of the ions in solution I were close to those 
of sea water. In solution II sodium and sulfate 
ions predominated, while solution IIIT had the highest 

TABLE 11. Formulas of Salt Solutions Sprayed on 
Dune Plants. 
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concentration of potassium and chloride ions. In 
solution IV both the sodium and chloride ions were 
reduced to a minimum. 

Two days after the spraying began, injuries oc- 
eurred on the leaves of Phytolacca and Erigeron 
and III. Neerosis first began at 


from solutions I 


the tips of the leaves, then at the upper margins and 
finally developed the inverted V-shaped pattern, which 
is so characteristic of injured coastal plants.  In- 
juries from solutions II and LV did not occur until 


the fourth day. In this case leaf tip and marginal 
necrosis also occurred, but to a much smaller degree 
than when the concentration of the chloride ion was 
high. None of the salts caused injuries to the leaves 
of Iva, Physalis and Croton until the seventh and 
eighth days of spraying. Again the solutions which 
contained high concentrations of the chloride ion 
‘aused extensive tip and margin necrosis, while the 
other two solutions caused barely perceptible yellow- 
ing and browning of the leaf tips. 

Since solutions II and IV caused neerosis at the 
tips of the leaves, it seems that tip necrosis is not 
peculiar to the chloride ion alone. However, it was 
possible to separate the pattern of injury caused by 
the chloride solutions from that of the sulfate solu- 
tions. Chloride induced necrosis was confined almost 
entirely to the tip and upper margin of the leaf and 
the transition zone from healthy to necrotic tissue was 
very narrow. Also the margins of the inverted V- 
shaped pattern occurred in relatively straight lines 
which were almost at right angles to the major lateral 
veins. Necrosis resulting from the sulfate solutions 
was much reduced in area; the transition zone from 
healthy to necrotic tissue was gradual and irregular in 
shape; and blotched areas were seattered over the leaf. 

It was thought that the pattern of injury induced 
by chlorides might be altered by the cations present 
in the solution. Necrosis caused by solution ITI, in 
which potassium was the dominant cation, was in- 
distinguishable from that caused by solution I. Slight 
differences in this however, might have been 
masked by antagonistic effects of the other ions. 
Therefore, other plants of the same species were 
sprayed with single salt solutions of sodium chloride, 
magnesium chloride, calcium chloride and potassium 
chloride. In each case approximately the same de- 
gree and pattern of necrosis occurred; however, 
necrosis occurred much sooner when the single salt 
solutions were used. The cations of sodium, mag- 
nesium, calcium and potassium do not alter the pat- 
tern of chloride injury; but mixed salt solutions, as 
sea water, reduce the rate and degree of injury caused 
by chlorides. 

Similar necrotic patterns have been described by 
other authors. Boresch (1939) found that chlorides 
in fertilizer caused tip and margin blight of currant 
leaves. Hayward, Long & Uhvits (1946) described 
terminal necrotie patterns in the leaves of peach trees 
and correlated the injury with high accumulations of 
chlorides. They found that chlorides were more toxic 
than sulfates when present in culture solutions at 
equal osmotie pressures. They also described the dif- 


case, 
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ferences in necrotic patterns caused by sulfate and 
Inverted V-shaped patterns of injury have 
been observed in the leaves of Haas 
(1928) and Ayers (1950), who attributed the “burn- 
ing’ to high concentrations of chloride ions. 

The evidence of this investigation and the work of 
the above authors indicate that it is primarily the 
concentration of the chloride ion which causes necrosis 
and death of coastal plants. This does not mean the 
other ions have no toxie effects at high concentrations ; 
matter of the chloride ions reaching 
ions 


chloride. 
avocado by 


rather it is a 
detrimental concentrations long before the other 
cause injury. 

SALTS INTO LEAVES AND STEMS 
WIND 


ENTRANCE OF 
EFFECT OF 

Necrotie leaves from coastal plants and leaves from 
greenhouse plants which had been sprayed with chlo- 
ride solutions were washed in distilled water, ashed 
and titrated for chlorides with silver nitrate ( Associa- 
tion of Agricultural Chemists 1950). Several 
samples of these leaves contained as much as 5.6 g¢ 
of oven dry weight. On the 
concluded that 
were de- 


of chlorine per 100 ¢ 
measurements it 
the chlorides, which 


basis of these was 
the salts, or at least 
posited on the leaves as salt spray, entered the leaves. 

Preliminary that the 
mechanism, or at least the rate, of entry was associ- 
ated with the prevalence of wind. During the sum- 
mer of 1950 many plants of Brunswick County, 
North Carolina were sprayed with chloride solutions. 
Almost invariably individuals were more tolerant to 
the salt solutions growing in protected situations than 
when exposed to wind (not laden with salt spray). 


observations suggested 


In the summer of 1951, experiments were designed 
to investigate the mechanism by which these salts 
entered the leaves. On the basis of observations the 
vear before, it was hypothesized that mechanical bend- 
ing and beating of leaves by wind might cause small 
lacerations in the cuticle and epidermal cells and that 
these lacerations would be portals of entry for oceanic 
salts. 

Phytolacca americana, Iva imbricata and Croton 
punctatus were grown in the greenhouse. The pots 
were watered by slowly pouring water over the soil 
and the leaves were protected from other injuries 
with strips of cheesecloth. When the leaves were 
mature, the plants were carefully taken to the labora- 
tory where the experiments were performed. 

Experiment I. Sewing thread was stretched across 
ring clamps and the leaves, still attached to the plants, 
were carefully placed in the threads so they were 
oriented in a near horizontal position. Pieces of 
cheesecloth, cut to the shape and size of the leaf, 
were placed on the leaf. Then normal sea water was 
allowed to drop on the cheesecloth and drip off at 
the tip of the leaf. In this manner the upper sur- 
face of the leaf was kept constantly wet with sea 
water and the constant movement of the water pre- 
vented the formation of salt erystals. The surfaces 
of the leaves were kept wet for 48 hours and were 
examined periodically for signs of chloride injury. 
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After 6 to 7 hours the leaves of Phytolaceca were 
slightly flaccid. After 24 hours the leaves were still 
flaccid but no signs of permanent injury were ap- 
parent. Forty-eight hours later the leaves were still 
flaccid but there was no sign of permanent injury. 
At this time the sea water and cheesecloth were re- 
moved and the leaves were washed in distilled water. 
Four hours later all of the leaves were turgid. Twenty 
hours later 12 of the 15 treated leaves were turgid 
and showed no sign of tip necrosis. The other three 
leaves were turgid; however, the tips and upper mar- 
gins showed the typical necrotic pattern of chloride 
injury. 

The leaves were removed from the plants and five 
dises were punched from the tip, the midsection and 
the base of each leaf with a 1.1 em rubber stopper 
Each group of five dises was 
Vohlhardt’s 
Each group 


punch (see Figure 16). 
titrated for chlorinity by a modified 
method as described by Cattle (1935). 
of discs was not weighed but a few weighings showed 
that the oven dry weights varied, with the species, 
from 28 to 54 mg. Comparisons are based on the 
equal areas of the dise rather than percentages of 
dry weight. The data (Table 12) are presented in 


TABLE 12. Chloride Content of Leaves of Phytolacea 
from Experiment I. 





AVERAGE MG CL/5 pIscs 


Bas2 Midsection Tip 

Untreated leaves (5). . 0.20 0.22 0.22 
Treated jeaves, no 

necrosis (12) 0.25 0.25 | 0.27 
Treated leaves, tip 

mecrosie (3).......... 0.45 0.68 1.15 





Fig. 16. Leaf of showing regions from 


Phytolaeca 
which discs were punched for determination of chlorides. 
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milligrams of chloride since the concentration of the 
other halides in sea water is proportionately very 
low. 

There was an abrupt inerease in chloride content 
of the three necrotic leaves (Table 12). The greatest 
variation in chloride content of the non-necrotic leaves 
was only 0.2 mg. Also, the concentration of chlorides 
in the uninjured treated leaves was only slightly 
higher than that of the untreated leaves. 
that small amounts of salts entered all of the leaves, 
but entered three of the leaves almost three times as 
rapidly as the others. Stomata are present on the 
ventral and dorsal surfaces of the leaves of all three 
plants. But this would hardly aecount for the abrupt 
difference in chloride content, since a random number 
of stomata would be open and the titration would be 
expected to show an intergrading concentration of 
chlorides. Nevertheless, the and titration 
data show that three of the leaves were consistently 
different from the others. It is quite possible they 
were mechanically injured in handling before the 
experiment. 


It seems 


neerosis 


Experiment II, A new series of plants from the 
greenhouse were subjected to a wind stream of about 
6 to 7 m/sec for 2 hours. Leaves of the plants were 
then treated as in Experiment I. Forty-eight hours 
after the leaves were wetted with normal sea water, 
all of the leaves of phytolacea showed distinct tip 
necrosis. Titration of dises from five of the leaves 
showed high concentrations of chlorides in the leaf 
tips, 2.4 mg in one ease. 

The leaves of Iva and Croton did not show signs of 
necrosis until seventy hours later. Only two leaves of 
Iva showed yellowing at the tips and only four leaves 
of Croton necrotic. Titration of from 
the leaves of these plants showed an average chloride 
content of 1.9 mg for Iva and only 0.7 mg for Croton. 
Even though these concentrations were lower than 
those found in Phytolacea, they were two to three 
times higher than the concentrations obtained under 
the conditions of Experiment I. 

The prior treatment with wind definitely resulted in 
an increase in the penetration of chlorides. This 
indicates that the increased rate of salt entrance under 
conditions of wind is not associated with a direct 
effect of the wind but with some indirect effect which 
is caused by the wind, possibly mechanical injuries 
in the epidermis. If the effect of the wind is to cause 
epidermal injuries, then the chloride concentration 
should be correlated with the degree of mechanical 
injury. Likewise, the difference in degree of pene- 
tration of salts in the leaves of the three species 
should be associated with anatomical differences. 

The leaves of Phytolacea are lanceolate, entire, 
about 5x12 em, glabrous and have slender petioles 
about 1.5 em long. When the leaves are subjected 
to wind, they bend and flap and the slender petioles 
allow them to beat against each other and against 
the stems. When leaves of several plants which had 
been subjected to wind for two hours were observed 
under a forty-five power binocular microscope, nu- 
merous small scratches and lines could be seen on the 


were dises 
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surfaces. Evidence of minor abrasion could frequent- 
ly be observed on the projecting midrib and veins of 
the under surface. 

The leaves of Iva are sessile, spatulate-oblong or 
lanceolate, about 2.5x0.6 em, and glabrous. Since the 
leaves are sessile and the twigs are somewhat woody, 
wind not beat them against each other and 
against the twigs as much as the leaves of Phytolacea. 
Seratches and lacerations in the cuticle of Iva were 
rare compared to the number present in Phytolacea. 

The leaves of Croton are lanceolate to ovate, en- 


does 


tire, about 2x3 e«m and have slender petioles, 2.5 to 3 
em long. However, the leaves and stems of the plant 
are covered with a thick mat of interlocking, stellate 
hairs, which are so dense that the epidermal cells 
cannot be seen under forty-five power magnification. 
Because of these hairs, no injuries could be observed 
on these leaves after they were subjected to wind. 
Since very little chloride was found in the leaves after 
the treatment of Experiment II, it is possible that 
the dense mat of hairs on the stems and leaves pro- 
tected them from surface injuries when they were 
beaten against each other by the wind. 

Later in the summer many leaves of coastal plants 
on Long Beach were inspected with a binocular micro- 
scope and epidermal injuries were found to be ex- 
The lacerations did not appear to 
be more common on the coast than in inland areas 
where plants were also subjected to the prevailing 
southwest winds. However, the inherent anatomy 
and morphology of the particular species did influence 
the frequency of the injuries. 

Thin, flexible leaves with distinet petioles showed 
the greatest number and seratches. 
Numerous more or less parallel scratches were very 
frequent on the exposed leaves of Phytolacca ameri- 
cana, Sassafras albidum and Diospyros virgiana, The 
leaves of these species, which occur in the inland 
ecotone zone, are particularly susceptible to mechani- 
cal injuries. Abrasions and lacerations were 
common on the tips of the lobes of leaves which have 
deep sinuses as Acer rubrum and Quercus laevis. 

The leaves of the dominant species of the salt spray 
community had a much smaller number of abrasions 
and lacerations. Most of the leaves of these species 
have short stiff petioles and small unlobed leaves as 
exemplified by Quercus virginiana, Ilex vomitoria and 
Iva Other features, as high content of 
fiber, dense pubescence and thick cuticle, are also 
present. These features do not completely protect 
the leaves from mechanical injuries; but, as shown in 
Experiment II, they greatly reduce the incidence of 
epidermal lacerations, which results in a reduetion in 
the amount of salt entering the leaf. 

The possibility of salts entering through the un- 
injured cuticle and stomates is still probable since a 
small increase in chlorides was found in the twelve 
supposedly uninjured leaves of Experiment I. Never- 
theless, the rate of penetration in this case is too slow 
to account for the observed rapid death of exposed 
coastal leaves, which occurs after a period of intense 
salt spray. 


tremely common. 


frequency of 


also 


imbricata. 
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Discussion. Figure 17 shows a microphotograph of 
a cross section of a leaf of Baccharis halimifolia. 
The section was cut at right angles to an epidermal 
rift which is about 230y, wide. The cuticle was 
scraped from the surface, the epidermal cell walls 
were ruptured in several places and the epidermal 
cells were killed. All of the above evidence indicates 
that traumata of this type are the primary portals 
through which oceanic salts enter the leaves of coastal 
dune plants. Mechanical injuries are common in 
the epidermis of natural leaves, and it is quite pos- 
sible that no outdoor leaves are entirely free of 
abrasive injuries. 





, wile “a es 

Fic. 17. Cross section of a leaf of Baccharis halimifolia, 
The section was cut at right angles to an epidermal 
rift by the ruptured epidermal cells 
(enlarged 135 times). 


which is shown 


Tukey, et al. (1952) have shown that salts applied 
to the dormant branches of trees can be detected 
twenty-four hours later in both the phloem and xylem 
as much as 18 in. from the point of application. 
Observations on the coasts indicate that oceanic salts 
enter exposed twigs as well as leaves. 

On the Cape Cod coast in the summer of 1952, 
many dead twigs of the previous season were observed 
on specimens of Quercus velutina, Q. ilicifolia and 
Prunus maritima. the buds of these twigs 
were fully mature and a thick layer of cork had 
formed over the leaf sears, it appeared that these 
twigs had been killed after abseission of the leaves. 
This type of salt spray killing is possibly of more 
significance on the northern coasts, where most of the 
species are deciduous, than on the southern coasts, 
where most of the species are evergreen. 


Since 


WETTING OF LEAVES 

The wetting properties of coastal leaves was thought 
to affect the rate of entrance of chlorides regardless 
of whether they entered the leaves through traumata 
or by other means. Martin (1938) and Ebeling 
(1939) studied the wetting and spreading of spray 
liquids on leaves. Wetting properties were defined 
as the ability of the liquid to form a persistent liquid- 
solid surface when the excess liquid is drained from 
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the surface and were assesséd by the value of the 
receding contact angle ©. Perfect wetting results 
when this angle is equal to zero. Spreading proper- 
ties were defined as the ability of the liquid to form a 
persistent liquid-solid interface solely by surface 
activity over the plain solid surface, and are a fune- 
tion of the advancing contact angle. They found the 
value of © to vary with species, the age of the leaves, 
and with the dorsal and ventral surfaces of individual 
leaves. (1944, 1947) found the value of O 
for water droplets on the leaves of certain species of 
Brassica and Triticum to have a diurnal variation. 
The value of © inereased after dawn, reached a 
maximum in the afternoon, then fell after sunset to a 
minimum just before sunrise. 

The values of © for droplets of sea water on the 
the leaves of several dune species were determined 
by making camera lucida drawings of the droplets in 
profile. A twelve power binocular microscope was 
placed in a horizontal position and the leaves were 
supported in a horizontal position on a ring clamp. 
The droplets were between 2 and 4 mm in diameter. 
Outlines of the hemispheres on the leaf surfaces were 
drawn on white paper and the contact angles were 
measured with a protractor. This method is possibly 
not so aceurate as the micro-projection method of 
Ebeling (1939); however, it is sufficiently accurate 
to measure the variation between species. 

Mature leaves of the plants were collected at the 
same time on Long Beach, North Carolina, and the 
drawings were made within 4 hours after collection. 
Table 13 presents the range of © on the ventral side 
of leaves of the species investigated. Ventral and 
dorsal are used in the sense that the ventral side is 
the side next the axis and the dorsal side that away 
from the axis (Eames & MacDaniels 1947). There 
seems to be little variation between the intolerant 
species, represented by Quercus laevis, Sassafras, 
Phytolacea and Erigeron and the much more tolerant 
species represented by Iva, Myrica, Ilex and Quercus 
virginiana. However, the dune grasses Uniola, 
Panicum, Chloris and Triplasis have extremely high 
contact angles. Droplets on the surface of the grass 
leaves tend to “bead” and roll around on the leaf 
more than on the other species. When leaves of the 
grasses are dipped in sea water, no droplets cling to 
the surface, whereas a few droplets usually adhere 
to the surface of the other species. Titration of non- 
necrotic leaves of the dune grasses revealed that none 
of them contained more than 0.6 percent chloride on 
an oven dry weight basis. A few necrotic leaves of 
Uniola were found to contain 1.2% chlorides. The 
leaves of Iva, Myrica and Ilex frequently contain 
from 1 to 5% chlorides. The high fiber content of 
the grass leaves would cause a reduction in the total 
percentage of chlorides on an oven dry weight basis 
but it is improbable that this anatomical variation 
would cause as great a difference. 

On the basis of this observation it seems logical to 
assume that the “beading” of sea water droplets on 
the surface of the grass leaves would reduce the rate 
of entrance of chlorides. Even in the presence of 
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TABLE 13, Advancing Contact Angle © for Droplets 
of Sea Water on the Ventral Surface of Coastal Leaves. 


Spe cies Range of e 
RICE SPOMIOUOE oc 5 Sica deb ciwen 114-136 
PeMIOU GMATEM so. 6 isc os caescvs ese 112-138 
Ce a eee ae 115-135 
RIE RPI 553s c lh ae ba dae oe aw 111-129 
Ale NN i ters a win welalnm aaa a 88-112 
ee 89-103 
NO ee ee 96-110 
Or Is RUN UOINE <5. 5 <.5'0 svcd ncinncebes 87-104 
MOON > Ui esGenebeasake steeeews 89-11] 
DORON VRE -GOTIWR sini tea ccvaae 86-112 
Phytolacca americana................- 84-103 
Hrigeron COMGUERSE... 6.2 ic kc ccweess 83-95 


small traumata it is probable that the small ruptures 
are not wetted by the “beaded” droplets. The tol- 
erance of the dune grasses to salt spray appears to 
be due to lack of entrance of large quantities of 
chlorides, which is associated with the wetting prop- 
erties of the cuticular surface. The large amount of 
selerenchyma that surrounds the parenchyma of the 
grass leaves might also result in less chlorides reach- 
ing the parenchyma cells. 

The difference in wetting properties and the pres- 
ence of salt spray might account for Benecke’s (1930) 
not finding a correlation between distribution and 
salt tolerance of Agropyron junceum (I..) Beauv., 
Ammophila arenaria (L.) Link and Elymus arenarius 
L. on European dunes. He grew the plants in dif- 
ferent concentrations of sea water for three years and 
found that Ammophila tolerated up to 2% , Agropy- 
ron up to 6% and Elymus up to 12%. However, 
their order of zonation from the foredunes is Agro- 
pyron, Ammophila, Elymus. He proposed that the 
distribution was due to mechanical resistance to wind. 

The tolerance of species other than the grasses to 
salt spray does not seem to be directly associated 
with the wetting properties of the cuticle. For ex- 
ample, the advancing contact angles of sea water 
droplets on the leaves of Erigeron are not greatly 
different from those of Iva (see Table 13). How- 
ever, as previously mentioned, other factors as thick- 
ness of the cuticle, hairiness and rigidity may reduce 
the rate of entrance of salts. 


PATTERNS OF SALT SPRAY INJURY 


STEM AND LEAF TIP INJURY 
The inverted V-shaped pattern of chloride in- 
duced necrosis was described in the section on the 


toxicity of oceanic salts. This terminal pattern of 
necrosis is characteristic of salt spray injured leaves 
and there is little variation in its shape and develop- 
ment. On entire elliptic leaves the pattern begins at 
the terminal margins. On deeply lobed leaves, as 
Quercus laevis and Vitis labrusca, the pattern begins 
at the tip of each lobe. On compound leaves, as 
Rhus copallina the pattern first occurs on the terminal 
leaflets, but eventually appears on the tips of all 
leaflets. In the discussion of the deposition of spray 
particles, it was shown that more salt per unit area 
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was deposited on the small terminal portion of rigid 
leaves, but the deposition is more uniform on the sur- 
face of flexing leaves. On the basis of this information 
it was first thought that the necrotic pattern was due to 
the higher deposition of salts in the terminal region. 
However, when leaves in the greenhouse were sprayed 
or dipped in chloride solutions, the same terminal pat- 
tern of injury oceurred. Also, during the investiga- 
tion of the mode of entrance of salts it was found that 
instead of a uniform concentration throughout the 
leaves, chlorides accumulated in higher coneentration 
at the tips of the leaves (Table 12). It was hypoth- 
esized that regardless of where chloride entered the 
plants most of it was translocated to the tips of the 
twigs and leaves and accumulated there in highest 
concentrations. In the summer of 1951 experiments 
were designed to investigate this hypothesis. 

Phytolacca americana was selected as the plant to 
use in the experiment because it is easy to grow in 
the greenhouse, has large entire leaves, chloride in- 
jury is easy to detect in the leaves and the species 
occasionally occurs in the low spray intensity zones 
of the coasts. The plants were grown in the green- 
house then transferred to the laboratory just before 
each experiment. 

Experiment I, The objective of this investigation 
was to find out if chlorides which entered the stem 
were first accumulated in detrimental concentrations 
in the younger leaves or whether they accumulated 
equally in all of the leaves above the point of entry. 

Five healthy plants approximately 60 em tall were 
selected from the greenhouse. A dissecting needle 
was used to punch holes in the cortex of a 2 em sec- 
tion of the stem which was located about 10 em from 
the soil. The perforated area was then wrapped 
with a strip of cheesecloth which was kept wet with 
normal sea water. A piece of cardboard was used 
to prevent the sea water from running down the 
stem to the soil. The perforated section of the stem 
was kept wet for eleven hours, then the cheesecloth 
was removed and the section washed with tap water. 

No injury could be observed in any of the plants un- 
til about thirty-four hours after the treatment began. 
At this time the tips of the youngest leaflets began to 
show evidence of necrosis. A few of the older leaves 
just below the apex of the shoots began to turn yellow 
at the tips 46 hours after the treatments began. 
Eighty-four hours after the treatment began the ter- 
minal leaves on all of the plants had developed the 
necrotic pattern of salt spray injured plants, but 
none of the older leaves showed evidence of injury. 
The degree of injury varied with the individual plant 
and was possibly due to the difference in the amount 
of chloride that entered the stems. Nevertheless, it 
was clear that the chlorides accumulated in detri- 


mental concentrations in the young leaves before in- 
jury was observed in the older leaves. 

Four days after the treatment three of the plants 
were removed from the pots and the roots were ex- 
None of the young rootlets showed evidence 
The plants were repotted and all 


Two 


amined. 
of recent injury. 
five of them were returned to the greenhouse. 
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weeks later, from 1 to 4 in. of the terminal shoots 
were dead and new shoots had begun to grow from 
the axils of the lower leaves. 

The degree of injury varied with the individual 
plant. This was possibly due to the difference in the 
amount of chloride that entered the stems. Neverthe- 
less, it was clear that the chlorides accumulated in 
detrimental concentrations in the young leaves before 
This is in 
agreement with observations on the coasts in that it 


injury was observed in the older leaves. 


is the young leaves and the tips of the twigs that are 
first killed. 

Experiment II. The objective of this investigation 
was to find out if the tip necrosis pattern was as- 
sociated with local deposition of chlorides on the leaf. 

A dissecting needle was used to punch holes in the 
epidermis of fifteen healthy, mature leaves of phyto- 
lacca. The leaves were left attached to the plants 
and the plants were divided into three groups. In 
group 1 the holes were localized in the tips of the 
leaves; in group 2 the holes were localized near the 
midsection of the leaves; and in group 3 the holes 
were localized at the base of the leaves. Pieces of 
cheesecloth about 2 em in diameter were placed over 
the holes and kept wet with normal sea water for ten 
hours. After this period of treatment the cheesecloth 
was removed and the leaves were washed with tap 
water. 

Evidence of injury did not occur until 28 hours 
after the treatment began. At this time 
began to appear first at the tips and upper margins 
of the leaves of all three groups. Also some yellow- 
ing and brown spots appeared at the areas where the 


necrosis 


holes were punched. 

The results of the above trial indicated that chlo- 
rides were concentrated in detrimental quantities first 
in the tip of the leaf. However, a vacuum infiltra- 
tion method similar to that used by Colwell (1942) 
was used to further investigate the movement of 
chlorides. Healthy, mature leaves of Phytolacca were 
removed from plants by cutting the petiole close to 
the stem while the branch was under water. The cut 
end of the petiole was immediately sealed with pe- 
troleum jelly and the leaf was transferred to a 300 
ml beaker. Normal sea water was then added to cover 
the lower 4, 4 or % of the leaf. The beaker and leaf 
were then placed in a large vacuum desiccator, which 
was attached to a vacuum pump and a mercury ma- 
nometer. The air pressure in the desiccator was low- 
ered to 10 mm Hg for 30 to 45 seconds then allowed 
to return rapidly to normal. Under this treatment 
a small amount of air was withdrawn from the inter- 
cellular spaces and replaced with sea water. All of 
the submerged portion of the leaf was not infiltrated, 
but only one to three small areas which became trans- 
lucent when the intercellular spaces were filled with 
When the air pressure in the desiccator 
-are- 


sea water. 
returned to normal, the leaf was removed and 
fully washed with distilled water. The petiole was 
immediately placed in a test tube, which was filled 
with one-half concentration of Hoagland’s solution, 
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Figs. 18-21. Recovery of a leaf of Phytolacca after the lower half was infiltrated with normal sea water. 


18 (upper left) two minutes after infiltration. 
spots on the right of the midvein are infiltrated areas. 
(lower right) six hours after infiltration. 


and the lower 1 em of the petiole was cut under the 
solution with a razor blade. 

Thirty leaves were treated in this manner. Half 
of them were placed in the beaker with the tip sub- 
merged so that part of the tip was infiltrated and half 
of them were placed in the beaker with the base sub- 
merged so that part of the base was infiltrated. Ten 
leaves were infiltrated with tap water as a check 
against injury to the leaves during the infiltration 
process. 

The leaves infiltrated with tap water were turgid 
when removed from the desiccator and none of them 
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Fig. 19 (upper right) one hour after infiltration. 
Fig. 20 (lower left) three hours after infiltration. 





Fig. 
The translucent 
Fig. 21 


showed any evidence of injury until 120 hours after- 
wards. At this time about half of them began to 
wilt. Six days later most of them were dead but 
none of them exhibited any evidence of tip necrosis 
similar to that of salt spray injured leaves. 

The leaves infiltrated with sea water showed signs 
of plasmolysis in the infiltrated areas and the entire 
leaf was generally flaccid. The recovery of all of the 
leaves, whether infiltrated in the tip or the base, fol- 
lowed the same general pattern. Figures 18 to 21 
show the recovery sequence of a leaf that was in- 
filtrated at the base. Figure 18 was made two minutes 
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after the leaf was removed from the desiccator and 
shows the wilted appearance of the leaf. Figure 19 
shows a picture of the same leaf approximately one 
hour after infiltration. The lower portion had begun 
to regain turgor, but the tip and upper margins were 
still flaccid. The light colored regions between the 
veins on the lower right side of the leaf are the in- 
filtrated areas. The picture in Figure 20 was made 
approximately three hours after infiltration. The 
central and lower portions of the leaf continued to 
regain turgor but the tip remained flaccid. Six hours 
after infiltration the central and lower regions were 
completely turgid and the flaccid portions of the tip 
and upper margins were in an inverted V_ shape. 
This is shown in Figure 21. The translucent appear- 
ance of the infiltrated area has disappeared. Figure 
22 shows the same leaf 22 hours after infiltration. 
It has reached its maximum recovery. The cells of 
the tip and upper margins are dead and the tissues 
are dried and wrinkled. Relatively small necrotic 
spots are visible in the infiltrated areas but otherwise 
the leaf is injured only at the tip and upper margins. 
The pattern of injury on this leaf is indistinguishable 
from that which occurs in the coastal dune environ- 
ment. 

Twenty-four hours after treatment 
punched from the tip, midsection and base of several 
of the leaves of each group (Figure 16) and titrated 
for chlorides by the Cattle (1935) method. The re- 
sults of these determinations are presented in Table 
14. The leaves infiltrated with tap water contained 
about the same amount of chloride as untreated leaves 
(Table 12). The leaves infiltrated with sea water 
showed a high concentration of chlorides and again, 
necrosis in the tip and upper margin of the leaf was 
associated with high accumulations of chlorides in 


dises were 


















Fig, 22. Twenty-two hours after infiltration (see Fig. 
18). Recovery is at a maximum; the only dead cells 
are at tip and upper margins. 
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TABLE 14. Chloride Content of Vacuum Infiltrated 
Leaves of Phytolacea. 
Me CL/5 piscs 
Treatment — —— — 
Base Midsection Tip 
Infiltrated with 0.25 0.30 0.30 
tap water 0.25 0.25 0.25 
0.30 0.30 0.30 
Tip infiltrated 0.35 0.50 0.95 
with sea water 0.50 0.65 1.20 
0.50 0.85 1.70 
Base infiltrated 0.40 0.55 1.05 
with sea water 0.45 0.55 1.60 
0.50 0.80 1.60 


these regions. Regardless of where the chlorides enter 
the leaf they are translocated to the tip and cause 
necrosis first in this region. 

Discussion. It is well known that many chemical 
substances cause mottling and necrosis at the tip and 
upper margins of leaves before the entire leaf is 
injured. Martin (1928) discussed the types of mot- 
tling that oeeur with high concentrations of several 
inorganic compounds. Eaton (1934) described the 
tip and marginal necrosis induced in plants by high 
concentrations of boron. He found a definite con- 
centration gradient from the base to the tip of in- 
jured twigs and from the petiole to the tip and margin 
of injured leaves. A sample of injured lemon leaves 
showing marginal necrosis contained 47 p.p.m. of bo- 
ron in the midveins and petioles, 448 p.p.m. in the 
green portion of the leaf and 1722 p.p.m. in the dead 
margins and apices. Tukey & Green (1934) and Edge- 
combe (1939) showed a definite ash gradient in her- 
baceous and woody plants, on the basis of dry weight, 
which increased from the base to the tip of the stems. 

The results of the above authors’ investigations in- 
dicate the existence of accumulation gradients of 
ions between different parts of leaves and stems and 
that in certain instances ions can accumulate in detri- 
mental concentrations in parts of a leaf or stem with- 
out killing the entire organ. It is known that many 
histo-physiological gradients exist within leaves and 
stems (Prat 1948, 1951) and consequently it is not 
accumulation gradients or to 


unexpected to find ion 
entering any portion of the 


find that chloride ions 
aerial organs of a plant are translocated and accumu- 
lated in detrimental concentrations in definite parts 
of a leaf or stem without killing the entire organ. 


OF CHLORIDES TO THE LEEWARD 
PLANTS 





TRANSLOCATION 





SIDE OF 





In the summer of 1951 samples of leaves from the 
leeward and windward side of Ilex vomitoria, Junip- 
erus virginiana, and Myrica cerifera were collected 
from exopsed plants on the dunes at Long Beach. 
The leaves were washed in distilled water, the oven 
determined, and the chloride content 


dry weights 


titrated with AgNO. (Association of Official Agri- 
cultural Chemists 1950). 


The leaves from the wind- 
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ward side of the plants contained from 2.4 to 5.2 g 
of chloride per 100 g of oven dry weight while all 
of the leaves from the leeward side contained 
than 0.8 g of chloride per 100 g of oven dry weight. 

On the basis of this observation it is obvious that 
an increasing chloride gradient occurs in individual 
exposed plants from the leeward to the windward 
A gradient of this nature might oceur if the 
leaves and twigs on the windward side are killed be- 
fore the chlorides are transported to other parts of 
the plant. However, all of the collected leaves from 
the windward side of the plants were living, although 
some of them were necrotic at the tips. Consequently, 
this does not seem to be a logical explanation for the 
gradient. It was hypothesized that chlorides de- 
posited on the windward side of coastal plants are 
not translocated to the leeward side and concentrated 
in detrimental concentrations. 

To test this hypothesis greenhouse-grown plants of 
Iva imbricata, Ilex vomitoria and Phytolacca ameri- 
cana were pruned so that two major branches de- 
veloped. Three plants of each species were used. 
When the plants reached a height of 30 to 50 em, 
one of the branches on each plant was dipped in a 
beaker of normal sea water for ten minutes, twice a 
day. A piece of cardboard was placed over the pots 
so the dripping sea water did not enter the soil and 
care was taken not to splash sea water on the undip- 
ped branch. 

On the third day after the dipping began, the 
dipped branches of Phytolacea began to show signs 
of necrosis and the upper end of the branches were 
dead on the fifth day. The undipped branches did 
not show the slightest indication of necrosis. The 
dipping of Phytolacca was stopped on the fifth day. 
The undipped branches continued to grow at a normal 
rate. 

The dipped branches of Ilex did not show signs of 
injury until the fifth day. At this time the tips of the 
leaves became necrotic and most of them had turned 
completely brown by the eighth day. The undipped 
branches showed no signs of injury and continued to 
grow after the dipped branches were dead. 

The events occurred with the 
three plants of Iva, except necrosis did not occur in 
the dipped branches until the eighth day. At this 
time leaf samples were collected from the dipped and 
undipped branches and from two untreated plants. 
All of the leaves were washed in distilled water and 
the chloride content. determined. The dipped leaves 
contained 3.8 g of chloride, the undipped leaves con- 
tained 0.7 chloride and the untreated leaves 
contained 0.2 g of chloride per 100 g of oven dry 
weight. 

The results of this investigation indicate that some 
chloride is translocated to the leeward twigs but not 
in concentrations sufficient to cause injury. It is for 
this reason that only exposed leaves and twigs are 
killed by salt spray and not entire plants. The en- 
tire tops of small open branched plants as Lactuca 
graminifolia and Erigeron canadensis are frequently 
killed since they usually have a single central stem 
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same sequence of 
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and the leeward branches are susceptible to some spray 
deposition. However, salt spray injury on the lee- 
ward side of large plants was never observed where 
the leeward side was protected from spray deposition. 


FORMATION OF CURVED STEMS 

The upper branches of most of the coastal shrubs 
and trees are in the shape of an are which points to 
the leeward. The main trunk of many trees and 
shrubs also have this form. On the west coast of the 
island of Massachugetts, several curved 
specimens of Quercus velutina were observed. The 
trunks, 12 to 14 in. in diameter, appeared to have 
grown vertically and then to have been bent in a 
leeward direction. The principles of plant growth, 
however, preclude the bending of and maintenance 
of the trunks in this position by any known natural 
factors. Winds of hurricane velocity cause mechani- 
cal breakage and destruction of the branchlets and 
trunks of trees, as clearly shown by hurricane damage 
on the same island, but do not produce curved trunks. 

Observations of the formation of curved stems on 
the Carolina coasts showed that they were not single 
stems resulting from the activity of a single terminal 
meristem but were an amalgam of internodes pro- 
duced by different terminal meristems of lateral 
branches. Figure 23 shows a diagrammatic repre- 
sentation of the sequence of events resulting in the 
formation of a curved stem. 


Naushon, 


The leaves and surround- 
ing twigs have been omitted from the diagram for 
clarity. The left side of each diagram represents the 
seaward side of the twig, and the right side represents 
the leeward Diagram A shows a twig which 
grew during a period of low spray intensity and the 
dark portion of the twig represents the dead tip 
which was killed when the spray intensity increased 
to killing proportions. Diagram B shows two lateral 
twigs which grew during the next period of low spray 
intensity. When the spray intensity increased, only 
the seaward twig was killed since the leeward twig 
was protected by the seaward leaves and branches 
and the chlorides were not translocated to the leeward 
twig in sufficient quantities to cause injury. In Dia- 
gram C the same type of injury has occurred after 
another period of growth. In Diagrams D and E the 
older dead twigs have begun to decay and expose 
some of the leeward twigs. However, the protected 
buds have continued to grow. In Diagram E the 
living portion of the stem is composed of parts of 
several twigs which are oriented in the shape of an 
are. Diagram F represents the stem at some later 
time when radial growth has covered the dead twig 
The stem resembles a single curved twig. The 
period of development from Diagram A to Diagram 
How- 


ever, three to four periods of growth may occur in a 


side. 


scars. 
F usually requires several growing seasons. 


single summer of stems of Quercus virginiana and 
Ilex vomitoria depending upon the fluctuations of 
spray intensity. 

The curved stems on the coasts are different from 
the wind-trained stems of fir trees in the eastern 
region of the Columbia River Gorge (Lawrence 1939). 
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Pic. 23: 
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Diagram showing the sequence of injuries 
results in the formation of curved stems (see text). 


The winds of the Gorge are of sufficient velocity and 
duration .to keep the young shoots curved in a lee- 
ward direction until secondary cell walls form. The 
winds of the Carolina coasts are frequently of suf- 
ficient velocity but never of sufficient duration to 
permanent wind-training. 
walls are formed when the twigs are in a 


Secondary cell 
vertical 
position during the long periods of low speed winds 
(Figure 14). 
sult from the 
curved stems of the coasts are an amalgam of inter- 


produce 


Also, wind-trained twigs usually re- 
activity of a single meristem while the 


nodes produced by different meristems. 

CHLORIDE INDUCED HYPERTROPHY 
EFFECT OF THE CHLORIDE ION 

Observations of the leaves of Zva imbricata on the 
Carolina that 
side of the plants were thicker, more turgid and more 
succulent than leaves on the leeward side of the same 
plants. The difference was so obvious in Iva as to be 
observed with the naked eye. Microtome sections of 
seaward and leeward leaves of many plants showed 
that the difference was not confined to Iva alone but 
occurred in practically all of the dune species. The 
difference in turgidity could be determined by bending 


coasts showed leaves on the seaward 


G. Boyce D0 
the leaves between the fingers; the seaward leaves 
would bend slightly and break with a sharp “snap” 
while the leeward leaves would bend almost double 
before breaking. Observations of eross sections of 
many of the leaves showed that the increase in leaf 
thickness and suecculence was due to an increase in 
the mesophyll cells rather than an increase 


of cells. 


the size of 
in number 

Since it was known that more salt in the form 6f 
salt spray was deposited on the seaward than on the 
leeward side of the plants, it was thought that the 
increase in cell size might be induced by the higher 
concentrations of oceanic salts. Further investiga- 
tions, the results of which have been published (Boyce 
1951b), proved this idea to be correct. Titration of 
the chloride content by the method of Cattle (1935) 
of seaward and leeward leaves of the same plant 
showed a distinct correlation between the chloride 

TABLE 15. Average Thickness and Relative Concentra- 
tion of Chloride of a Few Dune Species Exhibiting 
Chloride Hypertrophy. Succulent Non-Sueculent 
Leaves Were from the Same Plant. 


and 





SuccuLENT |Non-SuCCULENT 


LEAVES LEAVES 
Species Thick- Mg Thick- Mg 
ness Cl ness C! 
(2) 5 dises (uw) | 5 dises 
Iva imbricata 3000 16.8 600 4.5 
Atriplex arenaria 656 5.4 335 0 
Lippia nodiflora 1900 4.5 656 0.6 
Physalis maritima 1200 3.8 248 0.7 
Chenopodium ambrosioides | 1230 3.8 349 0.6 
Croton punctatus. . 729 2.6 349 0.8 
Ilex vomitoria 539 1.8 262 0.5 
Baccharis halimifelia 656 £6 286 0.4 
Quercus virginiana 102 0.9 68 0.1 


thickness of the leaves (Table 15). 
to increase the size of the 
mesophyll cells by placing microtome cut strips, 40y. 
thick, of fresh, non-succulent leaves of Iva in inereas- 
ing concentrations of sea water. The strips were 
first placed in a near isotoni¢ solution of sea water. 
Concentrated sea water was then added slowly until 
some of the cells showed incipient plasmolysis. As 
the cells regained turgidity, the concentration of the 
salt solution was again increased. After repeating 
this procedure several the cells had about 
doubled in size at the end of 72 hours. 

Previous of Salt Hypertrophy. Batalin 
(1876) was the first to observe that succulence in 
salt marsh plants is associated with oceanic salts. 


content and the 
It was also found possible 


times 


Studies 


He experimented with Salicornia herbacea and eon- 
cluded that the responses appeared to be associated 
with an increase of chloride in the culture solution. 
Following the work of Batalin, LeSage (1889, 1892, 
1921) investigated the response to sea water of many 
coastal and inland plants. He described the increased 
succulence of coastal plants grown in sea water solu- 
tions as compared to individuals grown in low salt 
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solutions and attributed the response to high concen- 
trations of chloride. Boodle (1904) demonstrated 
that succulence in Cheiranthus cheiri L. inereased 
with increasing concentrations of chlorides. Mont- 
fort (1926) studied the influence of sea salts on 
mesophyll and guard cells of halophytes on the coasts 
of Finland and found that balanced salt solutions 
containing high concentrations of chlorides caused 
enlargement of the mesophyll cells. 

Water culture studies with Nicotiana rustica, Zea 
mays, Coleus and Tradescantia convinced Mothes 
(1932) that low nitrogen and high total salt content 
of the habitat were responsible for dwarfing and 
suecculence of plants. Nitrogen deficient solutions 
caused dwarfing of the shoot system, smaller leaf 
cells, greater stomatal frequency, more conducting 
and mechanical tissue, thicker cuticle and higher os- 
motie values. Culture solutions with high concentra- 
tions of salt produced small plants with large, thick 
leaves, very thin cuticle and large mesophyll cells. 
However, Mothes did not mention the possible specific 
effect of the chloride ion although it was present in 
his salt solutions. 

Van Eijk (1939) grew Salicornia herbacea and 
Aster tripolium in eulture solutions in which the ions 
of sodium, calcium, magnesium, potassium, nitrate, 
sulfate and chloride were varied. He found that high 
concentrations of all chlorides caused an increase in 
succulence but a direct correlation between concentra- 
tion and degree of succulence seemed to occur only 
with sodium. The chloride, nitrate and sulfate ions 
caused a slight increase in suceulence, but none of the 
cations had an effect. He concluded that succulence 
of halophytes is due mainly to chlorides. 

A survey of the literature indicates that American 
authors have overlooked or have not investigated 
chlorides as a cause of succulence in halophytes. 
Schrenk (1905) investigated intumescences produced 
by various copper and ammonia compounds but did 
not use chlorides. Also, the solutions caused local 
intumescences and not general sueculence as induced 
by the chloride ion. Chrysler (1904) demonstrated 
the abrupt increase in leaf thickness of maritime 
plants on the coasts of Cape Cod as contrasted with 
the thin leaves of the same plants found growing on 
the Lake Michigan dunes. He concluded that his 
observations plainly support the assumption that the 
amount of salt influences the thickness of the leaf but 
that the results were not altogether trustworthy be- 
cause of the inconsistency in the amount of salt in the 
salt marsh during the growing season. Bowman 
(1917) recognized smaller leaves on Rhizophora 
mangle when grown in fresh water as compared with 
those grown in sea water but offered no explanation 
for the difference. 

MacDougal et al. (1919) studied the difference in 
succulence of several native dune plants of California. 
The succulent plants were collected from the sandy 
foreshores “under arid, but not saline, soil conditions”, 
while the non-succulent plants were collected from 
inland forest areas. They did not measure the salt 
content of the leaves nor attempt to produce succu- 
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lence with saline solutions. On the basis of an ob- 
servation of Castilleja latifolia they ruled out the 
possibility of salts causing sueculence. Specimens of 
Castilleja growing on the edge of a bluff overlooking 
the beach, or within twenty-five feet of it, had suceu- 
lent leaves. Also a thin leaved specimen was found 
at the base of the bluff on the edge of the sand. They 
reasoned that the lack of succulence in the latter plant 
was due to the ample water supply from the base of 
the bluff and that succulence in the bluff plant was 
due to the aridity of the edge of the bluff. They also 
assumed that if salts were present anywhere it would 
be at the cliff base. They postulated that under arid 
conditidhs hexose-polysaccharides are converted into 
pentosans which is accompanied by a permanent suc- 
culence. 

Chapman (1931) found that suceulence could be 
induced in the leaves of Tradescantia fluminensis by 
eliminating iron or nitrogen from the culture solu- 
tions or by the addition of an excessive supply of 
potassium salts. He concluded that pentosan content 
of the leaves or pH of the sap had no relation to 
succulence. 

Measurements of the leaf thickness of eight dune 
and chaparral species of California by Purer (1934) 
showed that all the dune specimens had definitely 
thicker leaves except Nicotiana glauca. She also 
found the percentage of water in the leaves and twigs 
of the dune specimens to be higher than in the 
chaparral plants. Later (1936), she observed more 
succulent and thicker leaves on specimens of Abronia 
maritima growing just back of the strand than on 
specimens farther inland. 

Martin & Clements (1939) published excellent 
camera lucida drawings of succulent leaves from 
plants growing on the California coasts as contrasted 
with non-succulent leaves of the same species trans- 
planted to an inland garden. Since experimental re- 
sults and observations indicated leaves are thinner 
when the plants are grown in dry soil, they considered 
the xeric nature of the habitat to be of little conse- 
quence. They found very low concentrations of salts 
in the ground-water of the dunes and assumed that 
salt played only a minor role except at the strand. 
But, since they could find no other factor to account 
for the increased succulence on the dunes, they as- 
sumed that even this low salt content of the soil water 
must be the causal factor. 

In the fall of 1951 experiments were designed to 
further investigate the relation of salt spray to the 
succulence of dune plants. It was hypothesized that 
sueculence was due to chloride induced hypertrophy 
of mesophyll cells but that other inorganic or organic 
substances in sea water might cause cell enlargement. 
According to definitions given by Kiister (1925) hy- 
pertrophy refers to an abnormal enlargement of indi- 
vidual cells while hyperplasia refers to an abnormal 
increase in numbers of cells. 

Experiment I. The objective of this experiment 
was to investigate the possible relation of organic 
substances in sea water to hypertrophy. Silver nitrate 
was slowly added to a liter of fresh sea water, which 
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was obtained from the coast of Brunswick County, 
North Carolina, until all of the halides were precipi- 
tated. Potassium chromate was used as an indicator 
and to remove the excess silver. The bromide and 
iodide ions were replaced by the addition of the potas- 
sium salt of each. Fresh cross sections of normal 
leaves of Iva imbricata were placed in 18 mm watch 
glasses and covered with 2-3 mm of the solution. The 
watch glasses were kept in a large desiccator with a 
nearly saturated atmosphere of water vapor. 

The sections were observed under a low 
microscope and the size of the cells measured with an 
ocular micrometer at varying intervals. None of the 
cells showed any indication of hypertrophy although 
the sections remained in apparently excellent condi- 
tion for 60 to 70 hours after immersion in the solu- 
tion. After about 90 hours the chloroplasts began 
to turn yellow and the protoplasm was obviously co- 


power 


agulated. An inerease in cell size did not oceur as 
with normal sea water when the chloride ion was 
present. 


In the greenhouse, the de-chlorinated sea water was 
sprayed onto and injected into the stems and leaves 
of Iva imbricata and Ilex The leaves of 
the plants were gently scratched with a toothbrush 
before spraying and the spraying was performed 
twice a day for two weeks. The solution was injected 
into the stem by making small razor blade cuts in 
the cortex, wrapping the cuts with cheesecloth and 
then periodically wetting the cheesecloth with the 
solution. After two weeks of treatment none of the 
leaves of Iva or Ilex showed any indication of hyper- 
trophy. There is no indication that any organic 
substance in sea water induces hypertrophy. It is 
possible that some organic material might have been 
removed during the de-chlorination process. How- 
ever, as shown in the next experiment hypertrophy 
‘an be induced with artificial salt solutions. 

Experiment II, The objective of this experiment 
was to investigate the relation of certain ions of sea 
water to hypertrophy. The methods of treatment 
were identical to those of Experiment I except that 
normal sea water, and four artificial solutions, made 
according to the formulas of Table 11, were used. 

With both Iva and Ilex, cell enlargement occurred 
in every case where normal sea water and solutions 
I and III were used. A slight inerease in eell size 
was recorded with solutions II and IV; however, the 
degree of increase was much smaller than with the 
other solutions. The increase in cell size was not as 
great when the fresh sections were placed in the so- 
lutions as when the leaves were sprayed. Also, in- 
jury occurred much more quickly in the cut sections. 
Nevertheless, the cells placed in normal sea water and 
solutions I and III showed enlargements of one to 
two times their original size while those placed in 
solutions II and IV showed maximum enlargements 
of three-fourths their original size. 

Table 16 presents the average two-dimensional 
measurements made from cross sections of sprayed 
leaves of Iva two weeks after the beginning of the 
treatments. It was found that cells of paraffin in- 


vomitoria. 
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filtrated sections were slightly distorted; consequently, 
the measurements are made from fresh cross sections 
made with a sliding microtome. There is great varia- 
bility in the cross sectional size of mesophyll cells. 
Nevertheless, the abrupt differences in the averages 
of the measurements leave no doubt as to which so- 
lutions caused the greatest degree of hypertrophy. 
In every case the high concentration of the chloride 
ion appeared to be responsible. 

The effect of the chloride ion was further investi- 
gated by spraying plants of Iva with 2% single salt 
solutions of sodium chloride, potassium chloride, so- 
dium sulfate, sodium nitrate and potassium nitrate. 
Since the single salt solutions were more toxie than 
the multiple salt solutions, the plants were sprayed 
only onee a day. Three weeks after the spraying 
began definite indications of hypertrophy occurred 
in the chloride treated plants. The mesophyll cells 
of the chloride treated plants were two to three times 
the size of cells from untreated plants, while the 
mesophyll cells of the sulfate and nitrate treated 
plants were at most only one-half larger than those 
of untreated plants. 

There was no indication of cell division in the meso- 

phyll with any of the treatments. Hyperplasia does 
not appear to be responsible for the increased sue- 
culence of the leaves. 
From the results of the above investi- 
gations it cannot be stated that the chloride ion is 
the only ion that induces hypertrophy in dune plants. 
The results are in agreement with Van Eijk’s (1939) 
conclusions that high concentrations of the chloride 
ion results in enlargement of the mesophyll cells 
from two to three times that caused by sodium, potas- 
sium or sulfate ions. In the case of dune plants the 
salts are not absorbed through the root systems but 
enter the aerial parts of the plant. The slow rate 
at which chlorides were transported to the leeward 
side of dune plants accounts for the observed dia- 
morphie sueculence. 


Discussion, 


Hypertrophy normally precedes necrosis and death 
However, the degree 
of hypertrophy that develops depends upon the in- 
tensity and duration of the salt spray. On the south 
and southwest-facing coasts near Fort Caswell, North 
Carolina the leaves were usually much thicker than 
on the northeast-facing coast at Fort Fisher. The 
increased hypertrophy on the south-facing coast was 
due to the long periods of intermediate spray inten- 
sity, which is associated with the prevailing southwest 
winds. On the northeast-facing coast non-hypertro- 
phied leaves, which grew during periods of southwest 
winds, were frequently killed by the increased spray 
intensity of northeast storm winds without the de- 
velopment of hypertrophy. The same effect has been 
observed in the greenhouse. If Iva plants are sprayed 


of leaves exposed to salt spray. 


twice a day with saturated sea water, the leaves are 
killed before hypertrophy develops. The maximum 
increase in leaf thickness is obtained by spraying the 
plants with normal sea water once a day for two to 
three weeks. 
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ANATOMY TO HYPERTROPHY 


RELATION OF 
The general anatomy of most of the coastal dune 
plants of the United States has been described by 
Kearney (1900), Chrysler (1904), Harshberger 
(1908, 1909) and Purer (1934, 1936). One of the 
most striking features of these plants is the abundance 
of leucoparenchyma which is called water storage or 
water accumulative tissue by the above authors. In 
species such as Iva imbricata it may be distributed 
throughout the mesophyll as bundle sheath extensions 
and as a separating layer between the dorsal and 
ventral clumps of chlorenchyma. In other leaves it 
may form a hypodermis or it may be present only as 
bundle sheath tissue. However, it is most common 
and present in the greatest amount in plants that oe- 
cupy the herbaceous zone. In these plants it is the 
leucoparenchyma that responds most to an increase 
in chlorides. 
Photomicrographs of 
vomitoria, Physalis maritima and Baccharis halimi- 


diamorphic leaves of Ilex 
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Figs. 24-25, Photomicrographs of cross sections of 
non-hypertrophied (upper) and hypertrophied (lower) 
leaves of Ilex vomitoria (enlarged 129 times), 


per) 
maritima (enlarged 87 times). 
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folia are shown in figures 24 through 29. In the 
hypertrophied leaves the chlorenchyma elongates in 
a dorsal-ventral direction and shows little enlargement 
in a paradermal direction. The spongy layer has lost 
its characteristic form and resembles the palisade 
layer. The leucoparenchyma, as the bundle sheath 
cells in 
the epidermal cells show only slight enlargement. 
Cells with secondarily thickened cell walls as vessel 
elements and fibers showed no evidence of hypertrophy. 


3accharis, tend to remain isodiametrie, and 


The total intercellular space possibly does not change, 
but the relative intercellular space is greatly reduced 
and usually consists of small cavities at the stomata. 
The general appearance of the cross sections suggests 
that the cells are under pressure from the paradermal 
direction. 

In Iva Cakile Convolvulus 


imbricata, edentula, 


sepium, Amaranthus pumilus and most other species 








Figs. 26-27. Cross sections of non-hypertrophied (up- 
and hypertrophied (lower) leaves of Physalis 
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of the herbaceous zone there is a definite outward ap- 
pearance of fleshiness in hypertrophied leaves. In 
the leaves of these species sclerenchyma cells are ab- 
sent, the bundle sheaths and bundle sheath extensions 
are composed of leucoparenchyma and sometimes a 
The 
leucoparenchyma in the leaves of these species en- 
large to a much greater degree than the chlorenchyma. 
In hypertrophied leaves of Iva these cells attain 
from the 


hypodermis of leucoparenchyma is_ present. 


rather large proportions as can be 
measurements presented in Table 16. 
Tlex 


cerifera, Juniperus virginiana, Baccharis halimifolia 


seen 


Hypertrophied leaves of vomitoria, Myrica 
and other species of the shrub zone exhibit little or 
There is very little 
leucoparenchyma in the leaves of these species and 


no external evidence of fleshiness. 


occasionally sclerenchyma cells are present in the bun- 
dle sheath tissue. In these leaves the chlorenchyma 
exhibits the greatest degree of hypertrophy. 

The leaves of Quercus virginiana and Q. tlicifolia 
no external these 


show evidence of succulence. In 
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Figs, 28-29. Cross sections of non-hypertrophied (up- 


per) and hypertrophied (lower) leaves of Baccharis 


halimifolia (enlarged 109 times). 
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TABLE 16, 
Two Weeks after Spraying with Salt Solutions. 


Average Size of Cells of Leaves of Iva 





TISSUE 
Treatment Leuco- Chloren- 
parenchyma chyma Epidermis 
(a) (wu) (w) 
None 
6 leaves 64 x 86 16 x 62 19 x 32 


Normal sea water 


7 leaves... 104 x 258 20 x 154 26 x 65 
Solution I 
7 leaves 102 x 264 19 x 148 28 x 64 


Solution III 
5 leaves 
Solution II 


106 x 248 21% 152 26 x 58 


8 leaves 72 x 94 19 x 74 20 x 36 
Solution IV 
7 leaves 76 x 89 18 x 68 19 x 35 


species the bundle sheaths and bundle sheath exten- 
sions are composed of sclerenchyma cells. There is 
a hypodermis of sclerenchyma on the ventral side of 
the leaf and no leucoparenchyma is present. Only 
the chlorenchyma exhibits hypertrophy. 

The degree of hypertrophy induced by chlorides is 
definitely associated with these structural differences. 
Leaves composed almost entirely of parenchyma cells 
show the greatest degree of enlargement and contain 
( Table 
With a decrease in leucoparenchyma and an 


the largest amount of chlorides per unit are: 
Ld). 
increase in sclerenchyma there is a decrease in hyper- 
The 


arrangement of the species in Table 15 is almost 


trophy and a decrease in chlorides per unit area. 


identical to the zonation of the species in the salt 
spray community and to the intracellular tolerance 
of the species to chlorides. Chloride concentrations 
slightly above those given in Table 15 result in ne- 
crosis; therefore, these concentrations appear to be 
close to the tolerance level for the species. 

On the basis of these observations it would seem 
that the degree of tolerance of a species to chloride 
is associated with the degree of succulence through 
salt induced hypertrophy. 
simply a dilution phenomenon associated with the 


The relationship may be 


large storage volume of the parenchyma tissue; how- 
ever, observations of the response of many plants to 
chlorides indicate that chloride tolerance is much more 
First, the cells of the 
tolerant species never enlarge to the same extent 
as those of the tolerant For example, 
hypertrophied cells of 
rarely double in size while those of Iva are nor- 


complex. mesophyll less 

species. 
Quercus virginiana are 
mally two to three times their non-hypertrophied size. 
Second, hypertrophy has not been observed in several 
Chloride treatment of the leaves of 
Eupatorium rotundifolium, Magnolia virginiana, Acer 


inland species. 


rubrum and Diospyros virginiana showed no evidence 
of hypertrophy although the leaves were killed when 
the chloride content was slowly increased to high 
Third, species of the same genera 
Hyper- 


concentrations. 
commonly respond differently to chlorides. 
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trophy has never been observed in the needles of 
Pinus taeda, P. australis, P. strobus or P. rigida, 
which are all intolerant to chlorides; while needles of 
P. sylvestris, which is relatively tolerant to chlorides, 
show hypertrophy. Microscopie observations of the 
anatomy of these needles indicate that there is little 
or no difference in the amount of parenchyma. The 
leaves of Ilex vomitoria, which is very tolerant to 
chlorides, are frequently more than double in thick- 
ness; attempts to induce hypertrophy in the closely 
related Zlex glabra and Ilex coriacea, which are in- 
tolerant to chlorides, have been unsuccessful. Cross 
sections of leaves from these three species show them 
to be almost identical in tissue organization. 

Chloride hypertrophy has been found in the leaves 
of almost all dicotyledonous species that occur on the 
foredunes of the North Carolina and Cape Cod coasts. 
But, hypertrophy has not been found in the paren- 
chyma cells of any of the dune grasses. Determina- 
tion of the chloride content of the leaves of Uniola 
paniculata, Panicum amarum, Triplasis purpurea and 
Chloris petraea revealed that non-necrotic leaves of 
these species never contained more than 0.6% chloride 
on an oven dry weight basis. A few necrotic leaves 
of Uniola were found to contain 1.2% chlorides. 
However, it was found that when leaves of Uniola was 
removed from the plant and placed with the cut end 
in normal sea water, they very soon became chlorotic 
and died. 

The absence of hypertrophy in these species and 
the low amount of chloride required to cause injury 
is further evidence that the tolerance of the dune 
grasses is due to a reduced rate of entry of the 
chlorides. 

SALT SPRAY-SELECTED GROWTH FORMS 

In the fall of 1950 seed and rhizomes of several 
coastal plants were collected and planted in the 
Among these, seed from several speci- 
mens of Erigeron were collected. The seed had a 
high percentage of germination and the plants grew 


greenhouse. 


well. Seedlings of Erigeron live over winter as ro- 
settes. They grow to maturity in spring, fruit and die 


in late summer. In April the plants began to in- 
crease in height and by July they had ceased height 
growth and had begun to flower. 

When the plants began to increase in height it was 
observed that two distinctly different growth forms 
were developing. Some of the plants from seed col- 
lected at Fort Fisher and Long Beach attained heights 
of 90 to 100 em. The general appearance of the in- 
florescence was paniculate with the heads racemose 
or cymose on the branches. They had straight, simple 
stems with no lower branches. Some of the plants 
were hirsute and had linear-attenuate phyllaries with 
pale tips, which is characteristic of Erigeron canaden- 


sis. The other specimens were glabrous and had 


purple tipped phyllaries which is characteristic of 
Erigeron pusillus (Fernald 1950). 

However, other plants grown from seed collected 
both at Fort Fisher and Long Beach attained a maxi- 
mum height of only 30 em and most of them were 
10 to 20 em high. 


They were profusely branched 
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from the base to the top, and the entire plant re- 
sembled a large corymb. The heads on the branches 
were in corymbs and cymes. Again both glabrous 
and pubescent plants were represented with purple 
or pale tipped phyllaries which was not correlated 
with pubescence. 

It is not uncommon for annuals on the dunes to 
have a much branched and repressed growth form 
due to the death of the terminal shoot by salt spray. 
For example, the tops of Lactuca canadensis, Lactuca 
graminifolia and Chenopodium ambrosioides are fre- 
quently killed by salt spray and then their lower 
lateral branches usually flower and produce seed close 
to the sand where the spray intensity is much reduced. 
When the seeds of Erigeron were collected it was 
thought that the parent plants were ecads produced 
under the influence of spray. However, the seed came 
from both eeads and plants which were inherently 
small and much branched. 

It was thought that the two forms might be dif- 
The tali and 
short forms of plants were 
sprayed with normal sea water twice a day. Twelve 
hours after the third spraying the tops of all the 
sprayed plants were dead. There was no apparent 
difference in the tolerance of the short and tall forms. 
This appeared to be an anomalous situation in which 
plants extremely sensitive to chloride salts were grow- 
ing in a high intensity salt spray zone. Oosting 
(1945) also found Erigeron to be the most intolerant 
of 15 species investigated in the salt spray communi- 
ty. Apparently these plants are capable of survival 
in the community because of conditions other than 
their tolerance to intracellular chlorides. 


ferent in their tolerance to salt spray. 
the greenhouse-grown 


GrRowTH ForRM OF ERIGERON PROGENY 

In the fall of 1951 seeds were collected from speci- 
mens of Erigeron on one of the Long Beach transects 
from the three physionomie zones of the salt spray 
community. Two parent plants with the character- 
isties of Erigeron pusillus and two with the character- 
istics of Erigeron canadensis were chosen in each 
In the fall the seeds were planted in separate 


zone. 
flats in the greenhouse and the characteristies of the 
plants were recorded the following spring. The 
general height and branching of the progeny from 


the two groups were the same. The data for the 
Erigeron pusillus group are in Table 17. 

From these data it is not possible to determine the 
genetic relations of this taxon; however, the progeny 
can be separated into two distinct growth forms. One 
group is inherently low, much branched and with in- 
florescences of corymbs or cymes and appears to be 
an ecotype of the inland form. The other group is 
inherently tall, branched only at the top and with in- 
florescences of racemes or cymes which are character- 
istie of the inland form. On the dunes it is possible 
to separate the low ecotypes from the salt spray 
produced ecads and tall ecotypes by the presence or 
absence of a central stem and the type of inflores- 
cence. A tally (Table 18) of the number of low 
ecotypes, tall ecotypes and ecads on one of the one 
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Characteristics of Erigeron pusillus. 


Zoe Parent Progeny 


Herbaceous glabrous, purple 7 plants. 24-28 cm high, 


phyllaries, 11 em ‘ymose, glabrous, purple 


high, no injury phyllaries; 1 pubescent 
with pale phyllaries 
glabrous, purple 12 plants. 23-29 em 


phyllaries, 17 em high, cymose, all glabrous 


high, top branches purple phyllaries 
<illed 
Shrub glabrous, purple 9 plants. 71-96 em 
phyllaries, 12 cm high, recemose, all 
high, top branches glabrous, purple 
killed phyllaries, no lower 
branches 
glabrous, purple 9 plants. 22-26 em high, 
phyllaries, 14 cm cymose, glabrous, purple 
high, top branches phyllaries; 1 plant 
killed glabrous with pale 
phyllaries 
Arborous glabrous, purple 9 plants. 82-98 cm high, 


phyllaries, 58 em racemose, all glabrous, 


high, no injury purple phyllaries, no lower 
branches 
79-96 cm _ high, 


purple 11 plants 


racemose, all glabrous, 


glabrous, 
phyllaries, 61 cm 
purple phyllaries, no 


high, no injury 


lower branches 


TABLE 18, Distribution of Low Ecotypes, Ecads and 


Tall Ecotypes of Erigeron on Long Beach. 





Meters Number Number 
Zone from of low Number of tall 
mean tide | ecotypes | of ecads | ecotypes 
Herbaceous 22-79 44 2 none 
Shrub... 79-128 56 6 1 behind 
cedar shrub 
Arborous. 128-270 none none 38 


meter wide transects of Long Beach shows a distinet 
difference in fidelity. 

The low ecotypes are confined to the herbaceous and 
shrub zone. They are commonly associated with 
Spartina patens, Heterotheca subacillaris, Physalis 
maritima and Croton punctatus all of which grow to 
heights of 20 to 30 em. The tops of the cymose 
branches of the low Erigeron ecotypes occur just be- 
low the average level of these associated species. 
They grow in a stratum of greatly reduced spray in- 
tensity. Their ability to reproduce depends on their 
inherently low height which reduces the incidence of 
salt spray injury to the fruiting branches. 

The ecads of the herbaceous and shrub zones are 
considered to be tall ecotypes which had their tops 
killed by salt spray. Lower branches of these plants 
that occur in low spray intensity strata flower and 
produce seed. However, the number of these plants 
in the herbaceous and shrub zones compared to the 
number of iow ecotypes is very small. Observations 
of spray injury and branching of the tall ecotypes in 
the herbaceous and shrub zones show that the degree 
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TABLE 17. Characteristics of Progeny from Plants with 


61 








of branching is correlated with the time the tops are 
killed. If the tops are killed before flowering when 
they are just above the associated species, lower 
branches normally form and a low ecad is produced. 
3ut if the tops are killed after flowering begins lower 
branches are rarely formed and the plants usually die. 
This apparently accounts for the reduced number of 
low ecads in the herbaceous zone. However, some of 
the ecads in the herbaceous zone are probably due to 
seed blown from tall ecotypes growing in the arborous 
zone. 

Table 18 


zone, 


indicates no tall the her- 


This is not exactly true since some 


ecotypes in 
baceous 
do occur in the herbaceous zone during periods of low 
spray intensity. This is occasionally the case on the 
northeast-facing coasts, as at Fort Fisher, when the 
prevailing summer winds are from the southwest. 
However, these plants rarely produce seed since north- 
east storm winds normally increase the salt spray to 
killing intensities and eliminate the plants. A few tall 
ecotypes occur in protected areas, as behind shrubs, 
but most of them are confined to the arborous zone. 
DIscussION 

Several authors have investigated the geneties and 
cytogenetics of many coastal ecotypes but none of 
them have understood the ecological factors resulting 
in the these Turesson (1922, 
1925) transplanted many morphologically dwarfed 
coastal and tall inland forms of plants to a garden 
The dwarfed forms of most of the 
coastal transplants were found to be genetically con- 
trolled. When a large number of coastal forms were 
transplanted to the garden a few of them developed 
tall forms resembling the inland types. He demon- 
strated the presence of many hereditarily dwarfed 
coastal forms within a number of species. The results 
of these transplant studies were part of the evidence 
used to support his concepts of ecological races. 


selection of forms. 


in Sweden. 


A depressed coastal ecotype of Viola tricolor L. 
has been described by Clausen (1922) on the coast of 
Denmark. 

Gregor (1938, 1939) described a decumbent coastal 
ecotype of Plantago maritima L. on the coast of 
England. 

Clausen, Keck & Hiesey (1940, 1945, 1948) have 
intensively the relations of 
several low ecotypes of the Pacific coast. They found 
the between the and 


investigated genetic 


genetic differences maritime 
inland forms to be extremely complex and not due 
to single genes. Frequently the genes influencing the 
height of the plants are closely linked with genes con- 
trolling other characteristics; consequently, differences 
in pubescence, petal color and other features may 
oceur. Low height growth was found to be due to 
shortened internodes, decumbent branches or elimina- 
tion of the central leader. 

All of the low coastal ecotypes deseribed by the 
authors restricted to a narrow zone of 
coastal dunes or cliffs. When the tall inland forms 


above are 


occur in the same exposed zone, they are usually low 
ecads (Turesson 1922). 


These plants apparently have 
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the same relation to salt spray as Erigeron on the 
Carolina coasts. The intensity of salt spray in the 
exposed areas greatly reduces the number of tall eco- 
types and eliminates many inland plants that could, 
in the absence of salt spray, grow on the dunes and 
cliffs. The low ecotypes are able to survive due to 
reduced competition and their inherently low height 
growth which restricts them to strata of low salt spray 
intensity. The intensity and frequency of salt spray 
then directly results in the selection of these low 
growth forms. These plants may be designated as 
salt spray ecotypes. 
EFFECTS OF NITROGEN AND PHOSPHORUS 
The silicate sands of coastal dunes furnish little 
or no available mineral ions to dune plants. Con- 
sequently, the mineral ions used by these species 
come primarily from salt spray. Normal sea water 
apparently contains all of the necessary mineral ions 
in sufficient quantity for normal growth of land plants 
except nitrogen and phosphorus. The amount of 
nitrogen in sea water in an available form to plants 
shows a wide range of values. According to the data 
presented by Sverdrup, Johnson & Fleming (1942) 
total nitrate-nitrite-and ammonia-nitrogen is rarely 
as high as 50y g-atoms/liter and usually less than 
25y. g-atoms/liter. Available phosphorus also has a 
wide range of values. Phosphate-phosphorus is rarely 
as high as 2y, g-atoms/liter and is usually much less. 
In water culture studies Mothes (1932) found a 
marked reduction in salt (NaCl) uptake by species 
of Coleus and Tradescantia when grown in solutions 
with high available nitrogen. When grown in culture 
solutions with high available salt and low available 
nitrogen they were small, xeromorphic, succulent 
plants. He concluded that high available nitrogen 
allows salt-sensitive plants to succeed in saline con- 
ditions that otherwise would be fatal. Certain 
morphogenic effects caused by a change in the ratio 
of nitrogen to carbohydrate in plants is well known 
(Meyer & Anderson 1952). When nitrogen is rela- 
tively low, plants are small and have thick-walled 
cells, thick cuticle, greater stomatal frequency and 
more mechanical and sclerenchymatous tissue. On the 
basis of the above information it was thought that 
low available nitrogen or phosphorus might influence 
the tolerance of certain species to salt spray. 
TREATMENTS WITH NITRATES AND PHOSPHATES 
In the spring of 1951, four 25 sq m quadrats were 
located just back of the low foredunes between Long 
Beach and Fort Caswell. The plants on all of the 
quadrats were exposed to salt spray. Each quadrat 
had several specimens of Uniola paniculata, Panicum 
amarum, Triplasis purpurea, Croton punctatus, Phy- 
salis maritima, Oenothera humifusa and Cakile eden- 
tula. In March, 5 lbs of commercial superphosphate 


(32% available phosphate) was added to two of the 
quadrats and 5 lbs of commercial sodium nitrate 
(16% nitrogen) was added to the other two quadrats. 
The applications were repeated in July. 

The plants treated with phosphate showed slightly 
No marked 


better growth than the untreated plants. 
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anatomical differences were observed and there seemed 
to be no difference in the degree of salt spray in- 
jury occurring in the treated and untreated plants. 

The plants treated with sodium nitrate showed much 
better growth than the untreated plants. The plants 
were taller and the leaves were larger, darker green 
and more pliable. The cuticle was thinner and there 
were fewer epidermal hairs per unit area. All of 
the plants treated with sodium nitrate showed greater 
injury from salt spray than untreated plants. The 
young flowering culms of Uniola were killed before 
anthesis while very few culms of untreated plants 
were injured. In October, during a period of high 
spray intensity all of the nitrogen treated plants 
were killed or exhibited severe salt spray injury. 
It was obvious that the increased supply of nitrate 
resulted in reduced tolerance of the species to salt 
spray. 

The effect of the nitrate may have been intracellular 
or may have been due to an increased rate of entry of 
the salts caused by greater mechanical injury to the 
more pliable thinly cutinized leaves. The lack of an 
effect with the phosphate treatment may have been 
due to the pH of the dune sands which varies be- 
tween pH 7 and 8. Under these conditions the mono- 
and diealeium phosphates usually are altered to in- 
soluble calcium phosphates which are unavailable to 
plants. Thus, the applied phosphate may have been 
unavailable. These relations were further investigated 
with greenhouse studies. 

Plants of Uniola paniculata, Iva imbricata and 
Physalis maritima were grown in the greenhouse. 
Three specimens of each species were watered once 
a week with a solution of sodium nitrate, three were 
watered with a solution of sodium phosphate and 
three were grown with low nitrate and phosphate for 
controls. Five weeks after the watering began, suf- 
ficient new growth for the investigations had been 
formed. 

Small branches and leaves were removed from the 
three groups of plants and the cut ends placed in 
normal sea water. The petioles, or stems, were cut 
under the solution. The pattern of necrosis that de- 
veloped was similar to that described for chloride 
injury. However, there was no noticeable difference 
between the degree, or rate, of injury of plants grown 
with high nitrate or high phosphate and the controls. 
The observations were duplicated with leaves and 
branches from the three specimens of each species and 
in each case there was no apparent difference in 
necrosis. These observations indicate the lack of an 
intracellular alteration of chloride tolerance by nitrates 
and phosphates. 

The difference in the degree of mechanical abrasion 
and rate of entry of chlorides were investigated with 
artificial wind and salt spray. A large shallow vessel 
of sea water was placed in front of a fan. Bubbles 
were formed on the surface of the water by forcing air 
through a section of perforated plastie tubing which 
was coiled under the water. The wind speed was 


about 7 m/sec. One plant of each species was sub- 
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jected to artificial wind and spray for two hours and 
another set was treated for five hours. 

The spray intensity of these treatments was not 
sufficient to kill any of the plants; however, two days 
The phos- 
phate treated and control plants showed about the 
The nitrate treated speci- 


later stem and leaf tip necrosis occurred. 


of necrosis. 
and Physalis showed severe necrosis at 
exposed leaves and the Uniola leaves 
Observations of 


same degree 
mens of Iva 
the tips of 
showed slight necrosis at the tips. 
the leaves of Physalis under a binocular microscope 
showed numerous ruptured epidermal hairs and small 
traumata near the margins of the leaves. The leaves 
of the nitrate treated plants of Iva had many small 
scratches on the surface and margin of the leaves 
while the leaves of the phosphate treated and control 
plants had only a few The 
Uniola leaves did not have many traumata although 
the nitrate treated plants showed greater injury than 
the phosphate treated or the control plants. 


marginal seratches. 


The above observations indicate that the reduced 
tolerance of plants grown with abundant 
available nitrates is due primarily to the increased 
rate of entrance of chlorides. A relatively high pro- 
portion of nitrogen results in large, soft leaves with 
a thin cuticle and few hairs per unit area. These 
conditions are conducive to greater mechanical injury 
in the windy dune habitat and permit a more rapid 


coastal 


entry of chlorides. 

Phosphates apparently have no effect on the toler- 

ance of dune plants to salt spray. 
DIscuUssION 

The above observations show that available nitrogen 
operates in the salt spray community as a condition- 
ing factor. In this case low available nitrogen re- 
sults in an increase in the tolerance of dune species 
to salt spray. The observations suggest that if for 
some reason the available nitrogen of the dunes were 
raised a different pattern of plant zonation and dis- 
tribution would occur. The dicotyledonous species 
would possibly be restricted to areas of lower spray 
intensity. 

Sideris & Young (1940) found that nitrogen plays 
no part in decreasing or increasing chloride toxicity 
in Ananas comosus (L.) Merr. when the chloride is 
applied to the soil. However, they found that the 
severity of chloride injury depends more on _ the 
amount of available potassium than on the conecentra- 
tion of chlorides within the limits from 280-360 mg 
Cl/liter. The writer has not investigated the relation 
of potassium, but it may be that the amount of availa- 
ble potassium operates as an intracellular condition- 
ing factor in the salt spray community. 


SUMMARY 


A quantitative analysis of the effects of salt spray 
on dune vegetation was made on the coasts of North 
Carolina and Cape Cod, Massachusetts. Oiled glass 
slides and a halide sensitive paper were used to in- 
vestigate the origin, transportation and deposition of 
salt spray particles. Dune plants were sprayed and 
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injected with several solutions of oceanic salts and 
the responses of the plants were noted. The effects 
of salt spray on the growth, growth form and dis- 
tribution of coastal plants were investigated with 
greenhouse and field studies. The important results 
are summarized as follows: 

1. The effervescence of bubbles on the surface of 
the ocean forcefully ejects droplets of sea water into 
the air. These droplets of salt water, concentrated by 
evaporation, are transported inland by wind and 
deposited on the seaward side of coastal plants. 

2. The deposition of high concentrations of salt, 
in the form of salt spray, on coastal plants results in 
necrosis and death of leaves, twigs and oceasionally 
entire plants. This necrosis and death is due primari- 
lv to the high accumulation of the chloride ion in the 
tissues. 

3. Due to the extremely low concentration of chlo- 
rides in the root zone of the dunes, very little chloride 
Most of the salt enters the 
aerial organs of the plants. 

4. Mechanical abrasion, due to the leaves and twigs 


is absorbed by the roots. 


beating against each other in the wind stream, re- 
sults in the formation of small traumata which are 
the primary points of entry for the salts. 

5. After entry, the chloride ion is rapidly translo- 
cated to the apices of the leaves and twigs and ae- 
cumulates in these regions in injurious concentrations. 
The chloride ion is not translocated to the leeward side 
of the plants in sufficient concentration to cause in- 
jury. As a result, only portions of the plants are 
killed by chlorides instead of the entire plant. 

6. The differential deposition and translocation of 
the chloride ion results in death of the seaward leaves 
and twigs. These phenomena are responsible for the 
asymmetrical growth of coastal shrubs and _ trees. 
The absence of chloride injury on the leeward side 
of the plants results in continued growth of these 
branches in an inland direction. 

7. The slow accumulation of the chloride ion in the 
leaves and twigs induces hypertrophy in the paren- 
chyma cells. Hypertrophy of coastal plants accounts 
for the observed increase in succulence of these plants 
over those of the same species grown in inland habi- 
tats. Diamorphie sueculence of individual plants in 
the dune environment is due to the differential deposi- 
tion of spray particles and to the unequal internal 
distribution of high concentrations of the chloride ion. 

8. The degree of hypertrophy induced by chlorides 
varies with the species and is correlated with the 
amount of leucoparenchyma tissue. 
most tolerant to high internal 
chlorides have large amounts of leucoparenchyma. 
Cells of the leucoparenchyma in the tolerant species 
exhibit greater enlargement than cells of the chloren- 
chyma. In the less tolerant species the cells of the 
chlorenchyma exhibit the greatest degree of enlarge- 
ment. Leaves which contain large amounts of 
selerenchyma exhibit little hypertrophy. 

9. Species which are tolerant to high internal con- 
centrations of chloride exhibit the greatest degree of 
hypertrophy; however, hypertrophied leaves are less 


Species which are 
concentrations of 
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tolerant to additional concentrations of chloride than 
non-hypertrophied leaves. 

10. Hypertrophy does not depend entirely on tissue 
organization. Species of the same genus which have 
practically the same tissue organization may ex- 
hibit different degrees of cell enlargement, as in Ilex 
vomitoria, Ilex coriacea and Ilex glabra. 

11. Rapid accumulation of the chloride ion fre- 
quently results in death of the cells before hypertro- 
phy develops. As a result, the degree of succulence 
of coastal plants varies with the intensity and dura- 
tion of salt spray. 

12. The principles of impact deposition of air- 
borne particles and the inherent ability of the species 
to grow large numbers of lateral branches, after death 
of the terminal shoots, accounts for the espalier ap- 
pearance of the asymmetrical canopies. A large, uni- 
form surface has a lower deposition efficiency than 
an irregular, perforated surface. The former condi- 
tion is typical of the environmentally modified cano- 
pies of coastal shrubs and trees, while the latter is 
typical of the inherent growth form of most plants. 
Young shoots which grow above the average level of 
the canopy become efficient collectors of salt spray and 
consequently are killed by the high concentration of 
chlorides. The rapid formation of a dense canopy 
causes a decrease in the deposition efficiency of the 
plant and of the individual stems. 

13. The canopy angles of the shrubs and trees are 
directly correlated with the extreme intensities of 
salt spray, which are associated with storms. The 
canopies slant at angles which result in uniform dep- 
ositions of salt over the surface during periods of 
high spray intensity. Extremely high spray intensi- 
ties reduce the canopy angles to low values. 

14. The curved stems of coastal plants are not a 
single series of internodes produced by the activity 
of a single terminal meristem, but are an amalgam of 
internodes produced by meristems of many different 
lateral branches. The terminal and seaward meri- 
stems are killed by salt spray, while the leeward 
meristems continue to function. This differential 
growth results in the formation of a composite stem 
which is curved in a leeward direction. These curved 
stems are not the result of wind-training which pro- 
duces curved stems on fir trees of the Columbia River 
Gorge. 

15. The intensity of salt spray inthe dune environ- 
ment eliminates most of the tall growth forms of 
Erigeron canadensis and Erigeron pusillus. A few 
specimens survive as low ecads. Low ecotypes of the 
Erigeron taxon are able to survive in the salt spray 
community due to the reduction of the competition 
of other plants by salt spray and due to their in- 
herently low growth form which restricts them to 
strata of low salt spray intensities. The low eco- 
types of many coastal areas appear to be due to the 
direct selection of these growth forms by salt spray. 
They may be designated as salt spray ecotypes. 

16. Available nitrogen in the dune environment 
operates as a conditioning fagtor. On the North 
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Carolina dunes low available nitrogen results in an 
increase in tolerance of the species to salt spray. 
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INTRODUCTION 


A large and relatively complex theory of animal 
ecology is being developed on the basis of laboratory 
population studies. This paper deals with a popu- 
lation study of Daphnia obtusa Kurz (for systematic 
position see Scourfield 1942) in a carefully con- 
trolled environment. The data presented here, to my 
knowledge, are the longest and most complete records 
of a cladoceran population which have ever been 
made and also, for the first time, permit a discussion 
of the effect on Daphnia populations of varying the 
food supply. 

Since the populations were examined by means of 
complete censusing, thereby eliminating sampling 
errors, it has been possible to test some mathematical 
theories of population growth and to suggest some 
changes in basic assumptions which seem necessary 
for the development of realistic mathematical models 
of laboratory populations. 

Possible applications of these results to natural 
cladoceran populations have been indicated. 

Many persons have helped in this study. Prof. 
G. E. Hutchinson, Dr. J. L. Brooks and Mr. D. 
Calhoun of Yale University, and Dr. F. E. Smith of 
the University of Michigan all encouraged and aided 
me throughout. Dr. David Pratt of the University of 
Rhode Island kindly gave me his original data on 
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Daphnia magna, Dr. Ralph Lewin of Halifax, N. 8. 
helped with the algology and Dr. Andre Jaggendorf 
of The Johns Hopkins University did the nitrogen 
determinations. To these and the many others who 
have not been named, I express my deep gratitude. 

The experiments were done while Sheffield and 
Sterling Fellow at Yale University. The final prepa- 
‘ation for publication was supported by research 
grants from the Conservation Foundation and the 
New York Zoological Society. 


DAPHNIA AN EXPERIMENTAL ANIMAL 


Daphnia are particularly suited to laboratory 
studies. The life cycle is of the order of days; there 
are no free egg or larval stages in the life cycle 
which would complicate the census of the populations. 
Although males are produced, they are in such a 
small minority that sex ratios can be ignored in the 
analysis of the results. Except for possible mutations 
or position-effects due to crossing over, the offspring 
of a single female are genetically identical. In effect, 
a clonal population can be maintained so that the pos- 
sible interactions between population dynamics and 
genetics can be ignored (Slobodkin 1953b). 

There are apparently no complex behavioural 
properties of the organisms which would seriously 
influence their population dynamics. This can be 
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a serious problem in flour beetles and other relatively 
simple animals. (See Stanley 1949 on the retunnel- 
ling problem of Tribolium.) 

If the food material is uniformly suspended in the 
medium, spatial differentiations of the environment 
can be ignored, since the animals are filter feeders. 
Crombie (1946) and Utida (1950), working on popu- 
lation dynamics of insects, have demonstrated the 
complexity of population dynamies in spatially hetero- 
genous environment. 

The volume of medium and the quantity of food 
van be varied independently for any population. 
This is not the case in many of the animals which 
have been used for laboratory population dynamics, 
such as flour insects, Drosophila and Lucilia, in which 
the medium is essentially composed of food. 

Since the eggs of Daphnia develop within the trans- 
parent brood pouch of the female, the distribution of 
reproductive potential in the population can be readily 
determined during the census. 

It has been known since the 17th century that 
populations of Cladocera in nature show pronounced 
maxima (Swammerdam 1685). Sinee there are an 
infinite number of environmental factors which could 
be postulated as explanations for these maxima, it 
is apparent that it would be possible to consider these 
maxima as environmentally determined. Pratt (1943) 
has shown, however, that Daphnia magna popula- 
tions will oscillate in number without any apparent 
environmental change. 

Pratt maintained populations of Daphnia in bottles 
containing 50 ce of pond water. Chlorella was added 
as a food organism. He thought at the time that the 
food supply had been added in excess, but he now 
considers that the yellow-green color which he found 
to persist in his medium was probably due to a 
chlorophyll decomposition product rather than to 
algal cells (Pratt, personal communication 1950). 

Pratt’s populations were counted every other day. 
Two temperature levels were used. Populations at 
18°C all showed a large initial peak followed by a 
relatively equilibrated phase. At 25°C the populations 
continued to oscillate with no apparent approach to 
equilibrium. The life expectancy of the animals at 
25°C was so short that each population peak repre- 
sented a separate generation. Oscillations dependent 
on the appearance of discrete generations in a popu- 
lation have also been shown by Fujita & Utida (1953). 
Pratt attributes the equilibrium at 18°C to the fact 
that a series of overlapping generations could occur 
at that temperature. 
anticipates the theoretical analysis of Daphnia popu- 
lations in terms of population algebra which resulted 
from my own studies (Slobodkin 1953b). 

Pratt states that “the source of oscillation is a lack 
of synchronization of a physiological state with the 
that 1” He these 


This general statement partially 


forces provoked considered 


“forces” to be direct density effects with a time lag 
in their manifestation. 
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EXPERIMENTAL STUDIES 
GENERAL PROCEDURE 

The animals used in this study were descendants 
of a single female which was supplied from the culture 
at the Istituto Italiano di Idrobiologia “Marco di 
Marchi” at Pallanza, Italy, through the kindness of 
Dr. Vittorio Tonolli and Dr. Livia Piroechi-Tonolli 
of Pallanza and were brought from Italy by Dr. 
Chester I. Bliss. 

The food organism was a strain of Chlamydomonas 
moewusti Gerloff isolated by Dr. Luigi Provasoli and 
supplied by Dr. Ralph Lewin. 

Experimental populations were maintained in 50 
ce of filtered pond water in glass jars which had 
originally contained Clapp’s strained baby food. 
These containers were cheaper and easier to clean than 
any standard laboratory glassware. Prior to being 
used as a culture medium, the pond water was stored 
in the laboratory in carboys for approximately six 
months so that population changes cannot be attribu- 
ted to seasonal or storage changes in the pond water. 

The counting method consisted of concentrating the 
organisms in the culture vessel by using their light- 
avoidance reaction, removing them with medicine 
droppers to deep well slides, and sorting them under 
a binocular microscope into three sizes, two sexes, 
and seven reproductive categories. The number in 
each category was counted and then the animals were 
returned to a clean culture vessel with unused pond 
water. Dead animals and ephippia were counted and 
removed. 

The three size categories of females were arbitrary 
and subjective; namely, small, medium, and large. 

The seven reproductive categories were determined 
by counting the eggs in the brood chamber of adult 
females. No attempt was made to count the eggs in 
females with more than six eggs in the brood chamber. 

After completion of the count, food was added, 
using the Klett electro-photometer to determine algal 
concentration. A constant but arbitrary amount of 
algae was added to each culture at each feeding. The 
algae were removed from agar plates by flooding the 
petri dishes with pond water several hours before 
they were to be used. The algal cells would then 
become motile and swim freely in the pond water. 
This method provided a rough check on the condition 
of the algae since dead algae do not swim. In gen- 
eral, the algal cultures were five to ten days old when 
they were used as food. Counts were generally made 
on alternate days. 

During the early part of the study, temperature 
was not controlled, usually being from 18° to 20°C. 
Later a controlled temperature room became avail- 
able with a temperature of 14° + 1°C. 

The cultures were continually illuminated by a 
fluorescent lamp and covered with a glass plate. 

The algal medium consisted of 3 gm sodium nitrate, 
5 gm ammonium nitrate, .2 gm ammonium hypophos- 
phate, .1 gm calcium chloride, .2 gm magnesium sul- 
phate and 10 gm agar in one liter of distilled water. 

When a population was started it was continued 
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until October 30, 1950 when all the animals were 
placed in formalin (population Cl was terminated on 
August 7, 1950). For convenience, individual popu- 
lations will be referred to by symbols. Table 1 lists 
date on which the populations were started and the 
food level which was fed on alternate days. 


TABLE 1. The identification symbol, starting date, 
food level and duration of all experimental populations. 





| 


Duration in 
Days of Study 


Population | 
Food Level 


Date Started 





eT a cates Nov. 2, 1949 Base X1 363 
| ee Nov. 2, 1949 Base X1 363 
RES ey | Jan. 2, 1950 Base X1 218 
S: SP | Jan. 2, 1950 Base X2 300 
C3 .| Jan. 2, 1950 Base X3 300 
Sees Jan. 2, 1950 Base X4 300 
Ae Jan. 2, 1950 Base X5 300 
_ See Jan. 2, 1950 Base X1 300 
eee March 26, 1950! Base X1 218 
Se March 26, 1°50 Base X1 218 


All of the data have been presented graphically 
in Figs. 1 to 26. The tabular data are available in 
Slobodkin (1951). 
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Oars 
Fic. 1. The total number of animals in populations 
Cl, C2, C3, C4 and C5. The vertical black line indicates 
time at which the animals were moved into a 14°C con- 
trolled temperature room. All populations are drawn 
on the same scale. 


Populations A and AS were initiated to test the 
occurance of a lag effect. For 17 days all the animals 
descended from a single female were isolated into 
separate containers within 48 hours of birth. Each of 
these containers received the same amount of food as 
a container which contained another female and all 
her decendants (population A). After 17 days part 
of the isolated animals were placed in a single con- 
tainer as population AS. The two populations were 
then treated identically for the remainder of their 
history and were simply counted and fed on alternate 
days. 

Populations C1, C2, C3, C4, C5, and C6 were each 
started with two females from a stock culture. In 
each case one of the females had three or four eggs 
in the brood pouch while the other had none. All 
of these populations were counted and fed on alter- 
nate days. The food level is indicated in Table 1. 
After the populations had been moved into the 
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A. The 
On day 17 the isolated animals in AS were concentrated 
into 
cally 
indicates 
readings in 
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14 C room, population Cl was fed three times the 
basic food ration every six days. The feeding sched- 
ule of the other populations was left unchanged. 

Populations AI and ASI were started with 55 small 
animals each at 14 C. They were fed identically 
with populations A and AS and were never subjected 
to temperature change. 

Except for counting the populations, the animals 
were not subjected to any experimental treatments. 
The growth patterns are produced by the undisturbed 
interaction of the individuals in each population with 
each other. 

POPULATION GROWTH-FORM OF Daphnia obtusa. 

In this study complete populations were counted 
and the counts were repeated at intervals well below 
the time required for a Daphnia life eyele. It can 
that random errors of temporal 
sampling were small. The populations were not 
averaged and will be treated individually throughout. 
Deviations from the general pattern will be noted. 
In general, all the populations followed a pattern 
comparable to Pratt’s Daphnia magna populations. 

In the D. obtusa populations at 18-20 C, the over- 
all pattern was rapid increase, followed by decline 
in numbers and one or more small subsidiary peaks 
with an eventual semblance of equilibrium (Fig. 1). 

Populations C6, C2, C3, C4, and C5 eventually 
achieved what appeared to be stable equilibrium. 
Population Cl, after a population peak comparable 
to that of C6, decreased slowly in numbers until the 
temperature was changed. 

Populations A and AS are not comparable to the 
others in their early history. During their later 
history they both showed small seale, apparently 
regular oscillations (Fig. 2). 

When the temperature was decreased to 14 C all 
of the populations increased. Each showed a large 
peak, with all the populations in phase, followed by 
more or less irregular oscillations. 
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Fic, 2. Total number of animals in populations AS and 
long vertical line indicates temperature change. 


identi- 
day 32 
Klett 
this 


container and thereafter treated 

The short vertical line at 
start of quantitatively consistent 
preparation of the algae. Prior to 


one were 
with A. 


the 


time occasional readings were made in the non-linear 
portion of the Klett scale. 
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Irregularity in technique existed on the 230th day 
of the history of C6, as indicated by excessive syn- 
chrony between populations at this time. On the 
270th day there are indications of synchrony which 
can probably be attributed to temporary use of a 
mutant strain of algae. In general, however, the 
populations show enough independence so that the 
observed oscillations are probably intrinsic. 

A “Direct” DENSITY EFFECT IN 


THE DISPROOF OF 


PopuLaTIOns oF D. 
Populations C2, C3, C4, C5, and C6 will be com- 
pared to show the relation between the number of 
animals in an equilibrium population and food supply. 
Although population Cl was started at the same time, 
it was not fed on the same time schedule as the others 
and apparently never reached equilibrium level. The 
growth of the five populations is presented in Fig. 1. 
Population C6 was at equilibrium from the forty- 
fifth to ninety-sixth day of its history (Fig. 5). We 
can consider populations C2, C3, C4, and Cd to be 
approaching equilibrium. They are closest to their 
equilibrium values immediately prior to the tempera- 
ture-induced population increase of the ninety-sixth 
day. All five of these populations had similar size- 
frequency distributions during the supposed equilib- 
rium period (Figs. 5-9). 

If we plot the mean number of organisms at equilib- 
rium against the relative amounts of food added to 
each population, we get a remarkably straight line 
(Fig. 3). That is, there is no density effect at 
densities of from one to five D. obtusa per cubic centi- 
meter of culture medium. 

The validity of this disproof of a direct density 
effect hinges on the assumption that the five popula- 
tions were actually at equilibrium. The simple re- 
lationship between the plotted points in Fig. 3 in 
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itself supports this assumption. The conclusion is 
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EQUILIBRIUM NUMBER 
Fig. 3. The mean number of animals in the relatively 
equilibrated populations immediately prior to the in- 
crease of the ninety-sixth day. The points indicate 


populations C6, C2, C3, C4 and C5 in order of increasing 
food supply. 
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further supported by the recurrence of a straight line 
relationship between population biomass and food 
supply, which does not require the assumption of 
equilibrium. 

After the temperature change, none of the popula- 
tions at higher food levels returned to equilibrium, 
After 211 days at 14°C the counting procedure was 
discontinued for another six days during which esti- 
mates of the feeding rate were attempted. At the 
end of that time all the animals were washed in dis- 
tilled water and killed in C. P. formaldehyde solu- 
tion. Each population was then subjected to total 
nitrogen analysis by the Kjeldahl method. The graph 
of total nitrogen in the population plotted against 
food supply resulted in a straight line (Fig. 4). 
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Fic. 4. Milligrams of nitrogen in the populations as 
determined by Kjeldahl determination after the termi- 
nation of the population counts, plotted against food 
supply. The point at the lowest food supply is the 
mean of the nitrogen determinations for populations A, 
AS, C6, Al and AS1. 


The total number of animals in the populations at 
the time of killing is not known. However, since the 
number of animals in C5 at the last count was 498 
and since the medium of the animals was not changed 
for six days prior to the killing, it seems that a level 
of ten animals per cubic centimeter of culture medium 
can safely be considered free of any direct density 
effect. 

Pratt originally postulated a direct density effect 
as the limiting factor in Daphnia magna. Other 
workers on Cladocera have ,postulated, but never 
demonstrated direct density effects. 

A direct density effect is an alteration in the physi- 
ology of members of a population which is dependent 
on the number of organisms per unit volume. The 
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magnitude of a first order direct density effect should 
vary as a power of the number of animals present 
(Slobodkin 1953a). 

An indirect density effect on the other hand varies 
as the number of organisms present in the population 
(suitably corrected for specific differences between 
organisms) and depends on the interaction of the 
organisms of the population with some environmental 
factor. Competition for food or a limiting environ- 
mental chemical factor are indirect density effects. 
If the size of a population is shown to bear a straight 
line relationship to the quantity of any known en- 
vironmental factor over a given density range, then 
it has been demonstrated that no direct density ef- 
fects are operative over that density range, since any 
effect due to direct interactions between organisms 
would introduce some curvature into the relation. 

It has been shown that the number of animals in 
equilibrium populations of Daphnia bears a linear 
relation to food supply. 

It has also been shown that the total biomass of 
non-equilibrium populations bears a linear relation to 
food supply. 

Since two essentially independent methods of 
measurement have denied the possibility of a direct 
density effect in Daphnia and since no experimental 
studies of Daphnia have ever directly demonstrated 
direct density effects it seems highly unlikely that 
direct density effects exist in Daphnia. 

The minimum range of population densities which 
are controlled solely by available food is 1-10 animals 
per ce of medium. This is higher than any recorded 
density in nature and is almost as great as any popu- 
lation density ever occurring in the laboratory. 

To my knowledge these are the first experiments to 
permit testing the significance of food as a limiting 
factor in Cladocera. Re-evaluation of earlier work in 
terms of possible food dependence would seem of 
interest. 

MECHANISMS OF POPULATION OSCILLATION 

Size specific classes of organisms and the initial 
population oscillation—We have demonstrated that 
internal oscillations (that is, increases in population 
number above the final equilibrium value which are 
not caused by changes in the environment) oceur in 
D. obtusa populations and that the available food sup- 
ply is the only significant limiting factor in these 
populations. 

It must now be determined whether or not the 
oscillations have any simple explanation in terms of 
the interactions between the animals and their food 
supply. A large part of this explanation is pro- 
vided by an examination of the changes in size-fre- 
quency distribution with time in single populations 
(Figs. 5-14). 

In general, the peaks of population number coin- 
cide with the maximum proportion of small animals, 
the troughs with the maximum proportion of large 
animals. Similar results were found for D. magna 
(Pratt 1943), D. pulicaria, and Simocephalus vetulus 
(Frank 1952). 
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Fig. 5. 


Population C6. 
three size categories. The distance 
to the light black line indicates the number of adults, 
from the light black line to the thin line the number of 
intermediate sized animals, from the thin line to the 
broken line the number of males and from there to the 
uppermost dark black line the number of small animals. 


In the early stages of population growth the few 
adult animals have a high reproductive rate, resulting 
in a size-frequency distribution that is skewed to- 
wards the small end. This size-frequency distribu- 
tion approximates the “equilibrium” age-frequency 
distribution deduced by Lotka (1931) for populations 
growing according to the exponential Malthusian 
pattern. This early population increase eventually 
gives rise to a population which is sufficient to reduce 
the food supply of all the animals so that reproduc- 
tion almost stops. At this point the population is at 
the apex of its initial numerical peak. It consists 
largely of small animals. In the competition for food, 
a given number of small animals does not exert as 
strong a competitive pressure as an equal number of 
large animals. Since the growth curve for an indi- 
vidual Daphnia follows the usual exponential growth 
pattern (Anderson, Lumer & Zupancie 1937), the 
small animals in the population will grow more rapid- 
ly than the large animals. Any increase in size, 
however, will inerease their demands on the food 
supply. The competition for food therefore con- 
tinues to grow more severe, despite the cessation of 
reproduction. It is assumed that the reproductive 
rate is more severely limited by food supply than the 
growth rate. This is supported by the fact that the 
size-frequency distribution of the population continues 
to shift towards the large animals, with very little 
decrease in the total number of adults and with very 
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Fic. 6. Population C2. The order of the three size 
categories has been reversed relative to Fig. 5 to show 
the correspondence between fluctuations in the number of 
young and fluctuations in the total number of animals. 
The small animals are represented by the distance from 
the abscissa to the light black line, the number of 
large animals by the distance from the thin line to the 
dark black line. 
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low reproduction (compare Figs. 6-15 with Figs. 
16-35). This is supported by the observation that 
reproduction is almost negligible during the decrease 
in number of animals that followed the initial peak 
in each population. At the same time there is very 
little decrease in the absolute number of large animals. 
Animals were apparently growing into the large cate- 
gory although very few young were being produced. 
This can be seen by comparing the population graph 
for any population with the corresponding reproduc- 
tive rate graph (compare Fig. 6 with Fig. 16). 

The increased severity of the competition for food 
increases the ratio of deaths to births so that the 
total number of animals in the population grows 
smaller while the size-frequency distribution moves 
towards a larger mean size. 

While a small animal will use for growth a large 
proportion of the food that it acquires, an adult 
animal, growing more slowly, will produce eggs with 
excess of available food. A point is reached at which 
most of the animals in the population are adults. The 
increase in competition for food, due to the growth of 
the small animals, ceases, Death of animals in the 
population now releases extra food which is used to 
increase egg production, rather than to increase the 
size of the individual animals. 

We have followed the populations through their 
initial peak and have shown that this peak can be 
explained in terms of size-specifie differences be- 
tween organisms in their competition for food and 
size-specifie growth and fecundity rates of the in- 
dividual organisms. 

Similar oscillations in laboratory population of 
Lucilia cuprina have been ascribed to an analogous 
cause by Nicholson (1950a and b). Malthus (1817) 
discussing the effect of the French revolution on the 
human population, notes that the proportion of young 
individuals increased markedly immediately after the 
revolution and that the population of France had 
actually increased over its pre-revolutionary value 
within fifteen years after the war. Bemardelli (1941) 
has shown that amelioration of environmental stress 
will produce a shift in the age-frequeney distribu- 
tion of the human population of Burma similar to 
that found by Malthus in post-revolutionary France. 
The results of Gordon & Sang (1941) on Drosophila 
indicate that oscillations occur in this genus similar 
to those found in Lucilia. 

While the initial oscillation is sufficiently clear on 
the above analysis, the cause of subsidiary oscillations 
is not obvious. 

Subsidiary oscillations.—Population C6 maintained 
population equilibrium for 40 days prior to the 
temperature change. At the same time populations 
A and AS (Figs. 12, 13) showed oscillations and 
population Cl decreased slowly. All these popula- 
tions were at the same food level and might have 
been expected to show similar population growth 
The for the dif- 
ference in population growth form becomes clear 
when we consider the mechanism of maintaining 
equilibrium in a Daphnia obtusa population. 


form during this period. reason 
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An equilibrium population maintains constant size- 
frequency distribution. Similarly, an oscillating pop- 
ulation shows a changing size-frequency distribution. 

Population C6, during the 40 days of equilibrium, 
had a relatively constant size-frequency distribution 
(Fig. 5). Populations A and AS during the same 
period show occasional increases in the proportion 
of small animals (Figs. 11 and 12). Note that the 
vertical line indicating temperature change represents 
the same day for all the populations. 

Population Cl (Fig. 10) shows a slow decline which 
seems to depend on the occurrence of a very slight 
super-saturation of the environment, although the 
proportion of small animals is only slightly greater 
than in C6. 

After the populations had been moved into the low 
temperature room, no equilibrium comparable to that 
attained by C6 at 20 C occurred in any population 
(Fig. 1, 2 and 26). Nevertheless, increases of the 
number of animals in the population were, in general, 
associated with increases in the proportion of small 
animals and conversely, periods of relatively small 
change in number of animals were associated with 
small rates of change of the size-frequency distribu- 
tion. 

Consider a population composed exclusively of 
adult animals. We will assume that this population 
is of such a size that the available food supply is 
just sufficient to maintain the animals, but not 
sufficient to permit either growth or reproduction. 
We now assume that several animals in this population 
die. This lessens the severity of the starvation of 
all the other animals present. Since the growth rate 
of adult Daphnia, even under optimal conditions, 
is low, the increase in food will not produce a com- 
pensatory increase in feeding capacity. The increase 
in food results instead, in an increase in reproduction. 
The young animals which are produced will not have 
the feeding capacity of an equal number of adults 
(Tonolli 1947). Inerease in numbers will therefore 
continue until the severity of starvation of the animals 
of the population has been returned to the point at 
which reproduction ceases. At this point, however, 
the total number of animals in the population will 
have inereased beyond the initial number. An oscil- 
lation of numbers has occurred. We ean conclude 
that a population which is composed of adults can- 
not maintain equilibrium. 

Equilibrium.—Consider a population composed of 
a size-frequeney distribution of animals such that the 
number of animals of any size is inversely porportion- 
al to the potential growth rate at that size. Let the 
relation between the population and its food supply 
be such that growth and reproduction are negligible. 
Consider the effect of the death of the largest animal 
in the population. There will be an inerease in the 
growth rate of all the animals in the population and 
a concurrent increase in the fecundity of the adults. 
It is then possible to consider that the increase in 
feeding capacity resulting from the increased growth 
rate, added to the increased feeding capacity due to 
the birth of one animal, will be equal to the initial 
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feeding capacity of the population before the initial 
death had occurred. That is, the population maintains 
numerical equilibrium. We can conclude that there 
exists a unique size-frequency distribution which, 
once attained, will maintain numerical equilibrium. 
Any population that does not have this size-frequency 
distribution will show an oscillatory pattern. 

It can be concluded that the population growth 
form in Daphnia obtusa is dependent on specific 
differences between animals at different stages of 
their life history. Other metazoa, with corresponding 
differences between different stages in their individual 
life histories, should be expected to show similar 
population oscillations. The Verhulst-Pearl equation 
is probably inapplicable to almost all metazoa. A 
more complete theoretical analysis can be found in the 
mathematical portion of this study (Slobodkin 1953b). 

Inadequacy of size-specific classes for theoretical 
development.—From the above analysis, which has 
depended primarily on size distribution, we should 
expect that all populations at the same food level 
should have approximately the same biomass at all 
times. That is, excess food should be incorporated 
into the population almost immediately, as either eggs 
or gonads, or increased size of the organisms. 

This is denied by the results of the nitrogen de- 
terminations which were made on the populations at 
the termination of the experiment. 

Populations A, AS, ASI and Al had almost identi- 
cal total nitrogen values (Table 2). Population C6 
differed appreciably from the other four low food 
level populations. At the last population census, C6 had 
a lower total number of organisms and a higher mean 
size than any of the other populations. 


TABLE 2. Total nitrogen in all populations as de- 
termined by the Kjeldahl method. 





Population Milligrams of Nitrogen 
BPN Me thera carrera ernie ants 0.075 
Me corsa Kleict ie ents 0.115 
0 ESE Soni ree eee a ere : 0.123 
1 eS ree : 0.113 
REE ere 0.123 
er ig hy te pet a , 0.163 
RES Naty er ae ¥ 0.264 
Rea ak idan iets Sigh Sis 0.342 
SUR rR nie, a ta WO ciel 0.424 





This difference in nitrogen content may be under- 
stood if size-specific differences in the efficiency of 
nitrogen utilization exist in Daphnia obtusa. 

It has been asumed in the above analysis that size- 
specific differences are sufficient to account for the 
discrepancy between the Verhulst-Pearl logistic 
curve of population growth and the observed popu- 
lation growth of Daphnia obtusa, This is equivalent 
to the assumption that all animals of the same size are 
physiologically identical. If this assumption is not 
valid, then a population equation based on size-specifie 
categories of organisms will be unable to predict the 
course of population growth in Daphnia obtusa, 

As a matter of fact, the assumption of size-specific 
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categories is denied by the work of Ingle, Wood & 
Banta (1937). 

Ingle et al (1937) compared the growth rate, heart 
beat, and fertility of “starved” Daphnia longispina 
with that of well fed animals. Their “starved” ani- 
mals actually were living at a much higher nutritional 
level, as indicated by reproductive rate, than the 
animals in the present population experiments. They 
found, as would be expected, that both growth rate 
and fertility were greatly reduced by starvation. 

They then placed animals which had been starved 
for varying lengths of time in medium identical with 
that of the well fed controls. In every case there was 
an acceleration of growth and an inerease of re- 
productive rate in response to the increased food 
supply. The growth rate on increasing the food sup- 
ply was always higher than that of the non-starved 
animals of the same age, but was always lower than 
that of non-starved animals of the same size. 


Swany 








oayYS 


Fic. 7. Population C3. Presented in same symbolism 


as Fig. 5. 


The difference between the growth rate of previous- 
lv starved animals and that of non-starved animals 
of the same size was directly proportional to the 
length of the starvation period. That is, an animal 
which had been starved for a large part of its life did 
not grow as rapidly as an animal of equal size that 
had been subjected to a shorter period of starvation, 
or had never been starved at all. The effect of 
starvation on the reproductive rate seemed much less 
permanent than its effect on size. Previously starved 
animals very quickly equalled or exceeded the repro- 
ductive rate of normal controls of the same age. It 
took much longer for previously starved animals to 
approach the size of their normal contemporaries. 

The significance of this study, for the present pur- 
pose, is that it demonstrated that all animals of 
equivalent size can not legitimately be assumed to be 
identical in any realistic theory of population growth. 
The size of an animal of given age depends, at least 
in part, on the nutritional history of that animal and 
correspondingly, the age of an animal does not predict 
its size unless its nutritional history is also known. 

The effect of nutritional history of the size of an 
individual Daphnia ean be very great. Rodina (1946) 
has shown almost complete cessation of growth in 
Daphnia magna due to food supply differences. 

It is suggested that age and size taken together may 
divide the Daphnia obtusa population into ecological- 
ly equivalent classes, in terms of which a mathemati- 
cal theory of population growth may be developed. 
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The age of an animal can be considered to determine 
its “intrinsic” properties (the concept of “intrinsic” 
is admittedly vague, but seems necessary at this stage 
of our knowledge) while the size of an animal of 
given age can be considered as representing the way 
the environment of the animal has modified its physi- 
ology. Age and size taken together can be con- 
sidered to define a class of physiologically identical 
animals until proven to the contrary. The algebraic 
properties of a population equation based on age, 
size-specific classes have been discussed elsewhere 
(Slobodkin 1953b). 

Equivalence of populations—Considering a popu- 
lation to be composed of classes of physiologically 
identical organisms, we should find that the relation 
of equivalence should hold between populations. That 
is, populations with similar age, size-frequeney dis- 
tributions and similar number of organisms should 
show similar growth forms when subjected to identi- 
cal environmental changes. Populations with the 
same number of organisms but different age-size fre- 
quency distributions, should show growth form dif- 
ferences. Also, populations with different number of 
organisms and different age-size frequency distribu- 
tions may show similar growth forms. These relations 
can be seen by comparing the histories of popula- 
tions» A, AS, C6, Al and AS1 immediately after the 
temperature change (Fig. 25). 
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Fig. 8. Population C4. Presented in same symbolism 
as Fig. 5. , 


Populations A and C6 were both at, or close to, 
equilibrium at the time of the temperature change. 
They had size-frequency distribution and 
number of organisms. The similarity of their re- 
sponse to the temperature change is striking. Popu- 
lations ASl and Al had approximately the same 
number of organisms as A and C6, but were composed 
Despite significant dif- 


similar 


exclusively of small animals. 
ferences (see below), Al and ASI] are more similar 
to each other than to A and C6. 

On the 146th day of its history, the animals of 
population AS showed “paralysis”. They lay on the 
bottom of the container and jerked their legs spas- 
modically and seemed unable to filter properly. The 
cause of this is unknown. The population was re- 
duced to 12 adults by the time the paralysis disap- 
peared. 

The subsequent growth form of AS is more similar 
to that of ASI and Al than to that of C6 and A. 
That is, in a sense, a population of 12 adults is 
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“closer” to a population of 55 young animals than 
it is to an equilibrium population of 55 animals, 

We can conclude that: 

1. The oscillations in Daphnia obtusa populations 
are apparently due to differences between ani- 
mals in a single population. 

2. Equilibrium exists only under certain conditions 
of age and size-frequency distribution. 

3. Any realistic mathematical model of a Daphnia 
population will probably require specification 
of age and size categories of animals. 











$ 
a 
2 
: & { pe ne 
$ g j ] / : vv 
% N 


2 oe 





=, kana i. 


DAYS 


Fig. 9. Population C5, Presented in same symbolism 


LaG EFFECTS 

The above discussion of age-size frequency distri- 
butions as they effect Daphnia populations is equiva- 
lent to part of Pratt’s statement that population os- 
cillations are produced by a time lag between a physi- 
ological state and the conditions which produced 
that state. Oscillations produced by age-size fre- 
quency changes can be termed “population” lag effects 
as opposed to the “individual” lag effects which can 
be attributed to the time required for individual ani- 
mals to respond to changes in their environment. 
Of course, a population whose members show unduly 
long individual lags will be more inclined to show 
oscillations and population lag. Several examples 
of individual lag effects can be found in Daphnia. 

A time lag in the reaction to the indirect density 
effect of food competition—For the first 17 days of 
its history, the animals of population AS were each 
maintained in a separate 50 ce container of pond 
water and each given the same amount of food as all 
the animals in population A taken together. On the 
17th day, population A was matched animal for ani- 
mal (by size and number) with the individually 
raised animals of AS, which were then all assembled 
in a single 50 ce of medium and from then on were 
maintained in the same way as A. The increase of 
AS over A shown in Fig. 2 is due to a lag in the effeet 
of starvation on the reproductive rate of the females 
in AS. 

A time lag in the effect of an environmental factor, 
independent of this case, the 
environmental factor was a change in the tempera- 
ture at which the populations were maintained. For 
six days after the temperature change there was no 
change in the number of animals in any of the popu- 
lations which would not have been expected on the 


indirect density.—In 














January, 1954 


basis of the population history at the higher tempera- 
ture (except for AS), but at the end of this time, 
all of the populations increased rapidly in number 
of animals (Fig. 1). 
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10. Population Cl. Presented in same symbolism 


The synchrony between the populations was great- 
er at this time than at any other time in the course 
of the investigation so that it is almost certain that 
the population increase was caused by the tempera- 
ture change. 

A time lag in population growth due to starvation 
of the animals during their early history—Popula- 
tions Al and AS1 were originally intended as a 
toxicity test of the water in which the paralysis of 
population AS had occurred. AS1 was started with 
fifty-five small stock animals in the used medium of 
AS. Al was started with fifty-five small stock ani- 
mals in the used medium from A, as a control. When 
after two days no deaths occurred in either group of 
animals, it was decided to continue both as popula- 
tions ASI and Al respectively. 

The used medium from population AS had con- 
tained algae at the time AS1 was started, since most 
of the animals in AS had been unable to feed. There 
was no food at all in the used medium from A (see 
below). Except for this initial difference in feeding, 
there was no known difference in the treatment of 
AS] and Al. AS1 produced eggs and young signif- 
icantly sooner than Al (Figs. 13, 14, 23, 24, 26). 
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Fig. 11. Population A. 


Presented in the same sym- 
bolism as Fig. 5. Note the relative foreshortening of 


the time axis. 


The difference between the two populations can be 
attributed only to the difference in available food 
during their early history. The effect of early history 
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of the individuals as demonstrated here confirms the 
effect found by Ingle, Wood & Banta (1937). 

The distinction between “population lag” effects 
and “individual lag” effects is considered to be mere- 
ly a distinction of convenience and is not considered 
to be of great empirical significance, since cases such 
as those shown in Fig. 13 can probably be considered 
as intermediate between the two classes. 

We can conclude that Pratt’s statement postulat- 
ing the “lack of synchronization of a physiological 
state with the causes that provoked it” has been con- 
firmed for Daphnia obtusa. 











Fig. 12. Presented in same symbolism 
as Fig. 6. 
day to show the increase of an unlimited population. 
Note the relative proportion of small, medium and large 
animals on the 17th day. This begins to approximate 
the ‘‘Malthusian life table distribution’’ of Lotka 
(1931). The break in the graph at the nineteenth day 
indicates a spill during counting in which approximately 
The time axis is foreshortened 


Population AS. 
The time axis is elongated up to the 17th 


fifty animals were lost. 
as compared to Fig. 11 after the 17th day. 


REPRODUCTION, MALES AND EPHIPPIA 

The distribution of reproductive potential—The 
total number of fertile females, males, and ephippia 
found in the culture vessels are indicated in figures 
15 to 24. In general, the total number of females 
with visible eggs in the brood pouch was much lower 
than the total number of adult females in the popula- 
tion. The number of adult females never limited 
population increase, except in the initial period of 
each population history. 

The major variation in reproductive rate was due 
to differences in the number of fertile females rather 
than to changes in the fertility of the individual 
females. In fact, the variation in reproductive rate 
of each individual female during its life history is 
insignificant compared with that which can be demon- 
strated in the species. Up to fifty-nine young animals 
have been found in the brood pouch of a single fe- 
male taken from the Daphnia obtusa stock culture. 
The highest fertility for a single female in these 
populations, after the initial peak, was six eggs per 
brood. Since most females were usually sterile, the 
reproductive rate in Daphnia obtusa ean vary one 
hundred fold, at least. 

Unpublished data of Pratt indicate that Daphnia 
magna also has a highly variable reproductive rate. 
The low variability of reproductive rate that was 
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found in these populations compared with the possi- 
ble variability in the species seems to indicate the 
relative constancy of the culture medium. 

This variable reproductive rate contrasts sharply 
with the high, relatively constant, reproductive rate of 
insects (Leslie & Park 1949) and the constancy of 
reproductive rate in vertebrates (Lack 1947). Mar- 
shall & Orr (1952) have indicated that the reproduc- 
tive rate of copepods may vary widely with available 
food supply. 

In general, the number of fertile females increases 
more slowly than the average fertility per fertile 
female. This is probably due to age, size-specifie dif- 
ferences between individual females in their response 
to increased food supply. 
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Fig. 13. Population Al. Symbolism as in Fig. 5, The 
initial members of this population were small animals. 


Those females which are at their peak reproduc- 
tive potential at the start of a reproductive spurt, 
produce one large brood followed by a smaller brood 
and the females which have a somewhat lower repro- 
ductive potential produce one small brood slightly 
later than the first brood of the others. This ex- 
planation is supported by the relatively rapid in- 
crease of reproductive rate in fertile females at the 
start of a reproductive spurt as compared to the slow 
decrease in reproductive rate as the reproductive 
spurt ends. 

Also, it was casually observed during the popula- 
tion counts that among females which were carrying 
eggs, there was a greater proportion of females show- 
ing full gonads than in the female population as a 
whole. Since the number of animals in the popu- 
lations did not increase at any reproductive spurt 
until the first brood had emerged from the brood 
pouch, the occurrence of smaller second broods in 
highly fertile females can be explained only by some 
mechanism which cuts down the available food supply 
without increasing the number of animals in the 
population. One such mechanism may be the in- 
crease of size and feeding capacity of all animals, 
which would be expected on the basis of the known 
effect of food supply on growth rate. 

Brooks (1946) reports that in natural populations 
of Daphnia retrocurva the smallest adults will pro- 
duce more eggs than the larger ones when the popu- 
lation is starved. Of course, the reproductive rate 
per female was much higher than in the laboratory 
populations. These results are in conformity with 
our previous analysis. 
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Fie. 14. Population ASI. Symbolism as in Fig. 5. 
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Time scale as in Fig. 13. 


If an equilibrium population consists of partheno- 
genetic females which follow a “rectangular” survi- 
vorship curve, each female will produce only one 
young animal in her lifetime. In a population fol- 
lowing a J-shaped survivorship curve, each female 
may produce a large number of young animals, most 
of which will die defore maturity (Slobodkin 1953b). 
The low reproductive rate shown in these populations 
during equilibrium therefore confirms the sub-rec- 
tangular survivorship curves found by Pratt (1943). 

While mortality figures are available, they are in- 
fluenced to an unknown degree by the difficulty of 
assigning a size category to a decomposed animal. 
The majority of dead organisms seemed to be adult, 
as would be expected, except that a major mortality 
of young animals followed the initial population peak 
in every population. I do not believe that this can 
be accounted for solely by the large proportion of 
young but the data do not warrant more complete 
discussion. 

Color and extrusion of eggs.—It may be of interest 
to note that there seemed to be very clear cut differ- 
ences between the manner of producing eggs in 
starved and well fed animals. In a female with a 
large brood, the young are released over a fifteen 
minute period approximately one half hour before 
molting. The gonads, which are blue-green in color, 
are bunched near the head until the molt has occurred. 
The molt itself is rapid (of the order of not more 
than five seconds immobility). Inside of eight minutes 
the new brood of eggs has begun to appear in the 
brood pouch. The ovaries assume a linear form lat- 
eral to the gut. The eggs emerge from the two genital 
openings as a string of blue-green pellets. During 
this process the female somersaults in the container 
and swims erratically, possibly to break up the string 
of eggs. The eggs swell and develop their clear oil 
globule during swelling. In a matter of hours the 
last vestige of blue gonadal material in the ovaries 
is gone and the eggs have increased approximately 
four times in volume so that they occupy most of the 
brood pouch. The final color of the eggs is a trans- 
lucent blue-green. 

By contrast, the production of eggs in a starved 
female is slow and relatively undramatie. Shortly 
after the molt, the one or two grayish gonadal masses 
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Fig. 15. Reproduction and males in population C6. 
There were no ephippia produced during the history of 
this population. On the lower graph the thin line indi- 
cates the average number of eggs being carried in the 
brood pouch of fertile females. This line is broken 
there were no fertile females. The dark line in- 
dicates the total number of fertile females. On the 
upper graph are indicated the total number of males 
found during the counts. 


when 


move slowly into the brood pouch. Sometimes more 
than an hour was required for the extrusion of a 
single egg. The eggs were grey-black when extruded 
and usually persisted for several hours in a sausage 
or crescent shape. Swelling after extrusion was much 
less noticeable than in the eggs of well fed females. 
The individual eggs in starved females appeared much 
larger than the eggs in well fed females. This had 
previously been observed by Agar (1913). 

It seems possible that the young born of starved 
mothers will be somewhat larger than those born of 
well fed mothers. This may have adaptive value 
(Hutchinson 1951). 

The sequence of egg coloration with increasing 
starvation in Daphnia obtusa is blue-green, olive, 
olive-brown, brown-grey, black-grey, and grey. In 
Daphnia magna and possibly in the other Cteno- 
daphnia (Brooks 1954) the egg color is reddish under 
all circumstances, masking the blue-green to grey 
sequence, if it occurs. Teissier (1932) has analysed 
the pigment in the closely related Daphnia pulex 
(De Geer) as a carotinoid derived from the food of 
the animal. When the animals were maintained on a 
carotinoid-free diet, the eggs showed only the color 
of hemoglobin (Fox 1948). 

Although certain differences in size and color of 
eggs have been noted in this study, their significance 
is not yet clear. 

Males.—The number of males, in general, increased 
shortly after each reproductive spurt. During the 
population counts males were distinguished from fe- 
males by the prominence of the first antennae and the 
shape of the ventral edge of the carapace. It is 
quite likely that first and second instar males were 
classed as females in the counts. The recorded in- 
crease of males, therefore, is probably two to four 
days later than the actual increase. The data are 
only sufficient to indicate that males were almost al- 
ways present during and immediately after a de- 
crease in the reproductive rate of the fertile females. 
As will appear below this fact is probably of con- 
siderable significance. It is impossible unequivocally 
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Reproduction, males and ephippia in popula- 


to explain the observed distribution of males. It 
may be due to an increased proportion of male off- 
spring during the early decline in fertility or simply 
to a constant proportion of male births in conjunec- 
tion with a low life expectancy in males (although an 
isolated male lived for 60 days). Mortimer (1936) 
or Banta et al (1939) may be consulted for a diseus- 
sion of male production. 

Ephippia.—tThe function of a cladoceran male can 
only become manifest when the females of the popu- 
lation are producing winter eggs (that is, heavy brown 
eggs which require fertilization). It is clear that the 
presence of males is not required for the production 
of fertilizable eggs (Berg 1934; Mortimer 1936) but. 
except in extraordinary and very doubtful cases, 
(Olafsson 1918) males must fertilize these eggs if 
they are to produce viable young. 

Most of the ephippia that were found in the culture 
vessels could be associated with a previous rise of 
reproductive rate above the level of two eggs per 
fertile female. Among the exceptions were one ephip- 
pium on the 165th day of population C5, one each 
on the 138th, 198th, 204th and 264th day of popu- 
lation C2. 

The only major exception is that of the 280th day 
of population C2. On the same census in which the 
large number of ephippia were found in this popu- 
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lation, ninety-seven eggs had been dropped from 
parthenogenetic brood pouches into the medium of 
C2. This was higher than any other drop-figure 
found in this population. If these ninety-seven eggs 
were included in the calculation of fertility per fertile 
female, the resultant figure would have been well over 
two eggs per fertile female. 

After the heavy mortality in population AS (see 
above), there was.an immediate and rapid rise of 
reproductive rate and growth rate in all the surviv- 
ing animals. Both the mean fertility and_ total 
number of ephippia at the termination of the high 
fertility period were greater for AS than for any 
other population at any other time. 

It might be expected that ephippia should be more 
common during the period immediately following the 
initial population peak than they actually are since 
the reproductive rate is highest during this initial 
period. The fact. that this’ is not so is probably due 
to the small number of adult females at this time. 

Combining the observations on the occurrence of 
males and ephippia, it is of interest to note that the 
increase of males accompanies the initial decrease of 
the reproductive rate. The ephippia occur upon 
further reduction of the reproductive rate. That is, 
the mechanism which produced males is co-ordinated 
in time with the population cycle and the mechanism 
that produces ephippia, so that fertile winter eggs 
will be produced during a period of population de- 
cline, before starvation has completely stopped all 
reproduction. Males will in all likelihood be availa- 
ble as required to fertilize the winter eggs, although 
the mechanism of their production is probably inde- 
pendent of that of sexual egg production, the two 
being related only through mutual dependence on the 
(1937) has come to a similar 
of field observation of Daph- 











population cyele. 
conclusion on th 
nia and Moina po ions. 

Experimental and field workers have considered 
ephippia formation to be due to extreme starvation 
(Berg 1934; Mortimer 1936; Banta et al 1939), but 
this study demonstrated that, as a matter of fact, 
sufficiently starved Daphnia are hardly capable of 
any reproduction at all. Winter eggs are larger 


and darker than typical parthenogenetic eggs. We 
have indicated above that size increase and color 


change occur concomitantly with decrease in total 
egg number in D. obtusa and in Simocephalus vetu- 
lus (Ager 1913). It therefore seems possible that 
the probability of production of winter eggs in a 
single female will be maximal whenever a high re- 
productive rate in a single female is reduced to the 
rate of two eggs per brood. 

Berg (1934), studying natural populations of 
Daphma magna and Daphnia pulex, has demonstrated 
that ephippa are produced only when the mean num- 
ber of eggs per fertile female approaches two per 
Two eggs is the normal number found in each 
winter egg case (ephippium). Figure 4 in Berg’s 
paper is remarkably similar to Figs. 15-24 in this 
study. 

The difference in winter egg production between 


brood. 
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Fic. 18. Reproduction, males and ephippia in popula- 


tion C4. Ephippia are on half the scale of males. 

population. Al and AS1 is of interest in connection 
with this concept of winter egg formation. It would 
be expeeted that since AS1 was not subjected to 
acute starvation in its early history it should show 
more ephippia than Al when starvation was produced 
by the population increase. As a matter of fact, no 
ephippia at all were found in ASI. The above ex- 
planation, in terms of progressive starvation, is prob- 
ably excessively simple in the light of this result. 

Since Banta et al (1939) and others have found 
clones of asexual Daphnia it might be considered 
that population AS1 was simply an asexual clone. 
This is extremely unlikely since 55 animals were used 
to start the population. 

Although AS1 does not agree with the above ex- 
planation, the general similarity between the pre- 
dicted results, the observed laboratory population 
results and the results of Berg’s observations on field 
populations indicate its probable validity. 

SoME OBSERVATIONS ON FILTERING By POPULATIONS 

On the sixth day after the termination of the counts, 
an attempt was made to determine the pattern of ex- 
tinction of the algae in the populations. The popu- 
lations were fed in the customary way and for a 
period of seven hours after feeding one half ce ali- 
quots of the medium were removed at irregular time 
intervals. 

These aliquots were passed through hot water to 
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Fic. 19. Reproduction, males and ephippia in popula- 
tion C5. 
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kill the cells and were then placed under refrigera- 
tion to preserve the cells until they could be counted. 
The counting method consisted of placing one-tenth 
ce of the aliquot on a slide and placing a square cover 
glass on it. A series of seventeen fields, arranged in 
a predetermined pattern on the slide, were then 
counted and the total number of cells counted was re- 
corded. 

It would be dangerous to draw any conclusions 
about the shape af the algal extinction-curve (Fig. 
27), but it is apparent that the algae are eaten out 
of all the populations in a fairly short time, which 
is approximately the same for all populations. This 
time probably does not exceed ten hours. The popu- 
lations fed every 48 hours, therefore, spend most 
of their time with no food at all in the medium. 
Granting that the filtering rate is more rapid at 
a higher temperature, and so consumes more energy 
without providing more food, the rapidity of the 
elimination of the algae provides the possibility of 
explaining the higher population level at low tempera- 
ture in this study, and the data of Pratt on the re- 
lation between fertility and density at different 
temperatures. 

It is apparent from elementary considerations that 
the energy required to move a phyllopod appendage 
through a resistant medium will be greater per unit 
time the greater the speed of the appendage (particu- 
larly if inertia is eliminated by reversals of direction). 

Population size can be expected to vary directly 
with the amount of food available to the population 
and inversely with the energy lost to filtering and 
metabolism. Since metabolie and filtering rate in- 
crease with increasing temperature, the energy loss 
will be greater at 20°C that at 13°C. Since all the 
available food is eaten at both temperatures, as in- 
dicated by the short time required to eliminate all 
algae from the medium and the fact that food is 
known to be limiting at both temperatures, we can 
attribute the larger population size at the lower 
temperature to the decreased loss of energy in filter- 
ing. 

The increased viscosity of water at low temperature 
will counteract this effect in part. If the viscosity 
of the water increases with temperature more rapidly 
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Fic. 20. Reproduction and males in population Cl. 
There were no ephippia in this population. 
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than the filtering rate decreases the advantage of 
slow filtering at low temperatures would be completely 
lost. There is reason to believe that this is not the 
ease, 

Gauld & Raymont (1953) have that the 
respiratory rates of the marine copepods Acartia 
clausi, Centropages hamatus and Temora longicornis 
at 13°C are .062, .087 and .081 1.0./ecop./hr. re- 
spectively. The corresponding respiratory rate at 
20°C are .0945, .146 and .155. The ratios of respira- 
tory rate at 20°C to respiratory rate at 13°C being 
1 :0.656, 1 :0.596, and 1:0.523. The corresponding ratio 
for water viscosity at the two temperatures is 1 :0.836. 

Pratt (1943) found that isolated individuals had 
a higher reproductive rate than crowded individuals 
and, as we have shown, this is almost certainly due 
to the difference in the food supply available to each 
individual. Pratt has also found that at low density 
conditions, the reproductive rate is higher at 25°C 
than it is at 18°C. At high density conditions, the 
If we consider that at low density 
conditions the limit to the reproductive capacity is 
in part dependent upon the amount of food which the 
animals can consume and is not particularly depen- 
dent on the amount of food available, then we should 
expect that an organism with a high filtering rate 
would show a higher reproductive rate than an organ- 
ism with a low filtering rate. This difference in filter- 
ing rate may be introduced by a temperature dif- 
ference. As the density of organisms is inereased 
(and maintaining Pratt’s customary technique of feed- 
ing), the amount of food available becomes more and 
At the point where all of the 
food is utilized, the argument formulated above comes 
into play and the reproductive rate is higher at lower 
temperatures. 

It seems very likely that this argument would apply 
to any situation where the rate of activity of an 
animal is a function of temperature, while the availa- 
bility of food is the limiting factor in the growth 
and reproduction of the animal, that is, where the 
ingestion of food is non-linearly related to the effort 
expended in its capture. 

The inverse relationship between temperature and 
population size which has been shown in this study 
may be of more general significance in connection 
with the known low productivity of tropical seas 
when compared to Aretie seas. 


shown 


reverse is true. 


more a limiting factor. 


Own PERIODICITY OF FEEDING 
Starting with the eighty-seventh day of its history, 
population Cl (Fig. 10) was fed three times as 
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much food at each feeding as populations C6, A, AS, 
A1A and AS1, but was only fed every six days, in- 
stead of every other day. The total amount of food 
given to population Cl was therefore the same as 
that given the other low-food level populations, but 
the temporal distribution of the food was different. 
Several points become apparent from examining the 
history of this population (which was unfortunately 
terminated on its 220th day by an accidental spill). 

The first is that the animals are capable of surviv- 
ing six days between feedings. This may appear 
trivial, but it is of some importance in connection with 
disproof of the direct density effect. The possibility 
exists that the animals were making use of all the 
food which was being fed to them and that what was 
being measured when the determinations of nitrogen 
were made was the food that had been introduced on 
the previous feeding. It is therefore of value to 
demonstrate that the animals could survive for six 
days without feeding to show that the nitrogen de- 
terminations were actually measuring Daphnia bio- 
mass rather than Chlamydomonas biomass. 

Cl contains more animals than the other popula- 
tions at base food levels. 

The number of eggs in Cl is less variable and con- 
sistently higher than in any of the other low-food 
level populations (Fig. 20). 

It might be considered that, since the amount of 
food is exceptionally high for a brief period, a 
large number of eggs will be formed. We might 
also expect that since the periods between feed- 
ing are exceptionally long, slight differences in feed- 
ing rate during the period when the food is available 
will make a much more profound difference in the 
animals’ chanee of surviving until the next feeding 
then they would in any of the other populations. 
This would lead us to expect a lowering of the mean 
life expectancy of the animals in the population 
(assuming that there is an optimal age-size category 
for feeding rate). If the animals in the population 
are somewhat younger and smaller than they are in 
the other low-food level populations, we should ex- 
pect the increase in numbers which is, as a matter of 
fact, observed. 
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Fig. 22. Reproduction, males and ephippia in population 
AS. Note the large number of ephippia following the 
peak in average reproduction per female, immediately 
after the temperature change. 
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A theoretical expansion of this situation involves a 
concept which more precisely defines the outcome of 
a competitive interaction between members of a popu- 
lation. What is required is a testable theory which 
will predict the outcome of population dynamics in a 
population as a function of the time pattern of feed- 
ings, the total amount of food per average time inter- 
val being held constant. 

The limiting case of increasing the time between 
feedings involves the addition of an amount of food 
approaching infinity at almost infinitely infrequent 
intervals. This would result (assuming that the or- 
ganisms are not swamped by their food supply) in 
an enormous peak in population with the population 
declining to extinction before the next feeding. 

As the amount of food is decreased and the period 
of feeding is shortened, the next interesting point in 
the series is when there is a reasonable chance of an 
organism being present at the time of the second 
feeding. We assume that the food remains in the 
medium until it is eaten. If an organism ean survive 
until the next feeding, then the population will under- 
go a series of oscillations, the periodicity of which 
is determined by the intervals of feeding. It seems 
probable that the subsidiary oscillations which have 
been found in this study would not be apparent in this 
situation since the animals will continue to increase 
after each feeding until all of the food is exhausted. 

As the frequency of feeding continues to increase, 

point would be reached at which new food would 
be added to the population before the population has 
started to decline due to exhaustion of the previous 
feeding. At this point it seems likely that internal 
oscillations might be introduced. 
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Fic. 23. Reproduction, males and ephippia in popula- 
tion Al. 


With further increase of the frequency of feeding, 
it seems very probable that the differences in filter- 
ing rate between different age-size categories would 
become less significant in the determination of popu- 
lation strueture until the limiting case of continual 
low-level feeding is reached. The age-structure at 
this point should be shifted as far towards the old 
animals as possible. The age-structure of the popu- 
lation (averaged over time) should be shifted to- 
wards the young animals as feedings become more 
infrequent. 

The situation in nature would seem to involve a 
population dynamics based on large, relatively in- 











January, 1954 




















a | 
st | 
| 
- | 
Zq-| | 
3a 
> ¢ 
| t+ Epnippio 
vr } 
| | 
elt en hw 
gor— il br 
| AS! —=+ Fertile 2 | = 
a. f = f —* Averabe Eggs Fo 
mo > 
D 
= =a MA A 8 
= 
™y 1 ws 
0° 7 eg 
= « 
w 
> 
0 TO = 








DAYS 
Fig. 24. Reproduction males and ephippia in popula- 
tion ASI. 


frequent feedings, so that the major portion of the 
oscillations can be attributed to the introduction of 
a large amount of food. Periods of constant low 
level feeding may exist in the epilimnion during the 
spring and early summer. 

It has been demonstrated that the temporal pattern 
of food supply will affect the population dynamics 
of D. obtusa, apparently with a concomitant altera- 
tion of numbers and age-size structure which is con- 
sistent with the previously postulated theoretical 
structure. A provisional theoretical expansion of this 
observation has been made. 

DISCUSSION 
PoPULATION GROWTH 

The long range objective of the ecologist is to pre- 
dict, and if possible, to control the quantity and dis- 
tribution of material in the biosphere, insofar as it is 
dependent on biological systems. This can be done 
only by generalizing from those few corners of the 
biosphere which are well understood. There is in 
general an inverse relation between the size and com- 
plexity of the biological system being analysed and 
the amount of generality which can be ascribed to 
the results of the analysis. 

In those sections of ecology which are primarily 
concerned with numbers of organisms, it has been 
tacitly assumed that enormous generality can be as- 
signed to the results of laboratory studies of popula- 
tion inerease, although the laboratory studies are 
admittedly not equivalent to natural situations. The 
most important of these generalizations is the Ver- 
hulst-Pearl equation of population growth and the 
other equations which predict a more or less sigmoid 
curve of population growth (Smith 1952). All of 
these equations, formulated in terms of a simple enu- 
meration of animals, share the basic assumption that 
all of the organisms in the population can be con- 
sidered identical with each other. This assumption 
has been demonstrated to be false in Daphnia obtusa 
and is almost obviously false in almost all metazoa. 

Disregarding temporarily the precise mathematical 
formulation and the minor variants of the generally 
accepted equations, they predict that a small popula- 
tion of organisms introduced into a suitable container 
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(essentially a laboratory environment) will increase 
slowly at first, then its increase will accelerate and 
finally the increase of the population will become very 
slow and approach a level upper asympote. 

Since we have successfully explained the internal 
oscillations of Daphnia obtusa in terms of differences 
between organisms of a sort which are almost ubiqu- 
itous among metazoa, population oscillation without 
concomitant environmental oscillation might be ex- 
pected to be very common. Nevertheless, very many 
laboratory population studies have been conducted 
and very few examples of oscillations have been 
found. 

This discrepancy may in part be real. It is quite 
likely that secondary mechanisms for eliminating os- 
cillations have arisen in many species. 

It is almost certain, however, that many cases of 
apparent agreement with a logistic population curve 
have been due to experimental artifacts. These arti- 
facts are of three main sorts. 

Premature termination of experiments will almost 
universally produce population curves which are 
superficially sigmoid. The rather strange concept 
of population decay which is apparently partially 
derived from a Schopenauer-like attitude toward eco- 
logical history, seems to have influenced several work- 
ers in their choice of when an experiment should be 
terminated. The population decline which is a normal 
and transitory phase of population growth is taken 
as presaging “decay” and the experiment can there- 
fore be considered finished. A particularly relevant 
case of premature termination is that of Terao & 
Tanaka (1928a, 1928b) who ran Moina populations 
for less than 30 days. Their work has been taken as 
valid representation of population growth in Moina 
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UNITS OF TEN DAYS 
Fig. 25. Total number of animals in populations C6, 
AS, A, AS1 and Al during the period immediately fol- 
lowing the transfer to the constant temperature room. 
Note the correspondence between populations C6 and A. 
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by several later authors (Frank 1952; Allee et al 
1949). 

On many occasions, averaging of data has obscured 
the occurrence of internal population oscillations. 
Since a population of animals in a closed container 
is a self-regulating unit, it does not seem legitimate 
to average the daily population counts of different 
populations. That is, there is no a priori reason to 
expect that different populations should, in general, 
have the same number of animals on any given day 
and there is no reason to believe that an individual 
population will vary in a random manner from day 
to day. When a mean of a series of values is used 
in place of the values themselves, it is implied that 
the values are subject to random errors of sampling. 
In total censuses of experimental populations during 
studies of population growth form, it is just the 
variations from day to day which must be explained 
by any theoretical analysis. Assuming that they are 
random seems to be conceding the inaccessibility of 
any predictive law of population growth. Indepen- 
dent self-regulating oscillating systems would be ex- 
pected to be, in general, slightly out of phase in their 
oscillations. A set of such systems would be ex- 
pected to be completely in phase only if their oscilla- 
tions were being forced by environmental regulation 
(as in the setting of clocks by observatory time). 
Averaging instantaneous measurements of a set of 
freely oscillating systems would be expected to ob- 
secure or distort their intrinsic oscillatory character. 

Since there is reason to believe that animal popu- 
lations may commonly show oscillatory behavior, 
the use of mean population values must be emphati- 
cally condemned, unless the errors of sampling are 
very great. 

The third main artifact is in the final preparation 
of the data for publication where “fitted” curves are 
drawn through an oscillatory set of census determina- 
tions. As a rule, these fitted curves approximate a 
logistic form, the tacit assumption being that the 
deviations from the fitted curve are “random.” 
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Fic. 26. The total number of animals in populations 
AS1 and Al. 


As has been observed by Smith (1952), repetition 
of many population experiments is certainly in order. 

Among those workers who have found intrinsic 
population oscillations are Nicholson (1950a, 1950b), 
using Lucilia cuprina, Pratt (1943) and Frank 
(1952), both using cladocera, and Utida (1941) using 
Callosobruchus chinensis. While the nature of the 
density effect varies somewhat in these studies, the 
general statement that the oscillation can be attributed 
to specific differences between the individual organ- 
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isms of the population seems valid, confirming the 
conclusions of this study. The fact that internal 
population oscillations do occur in animal population 
makes profound revision of current 
thought in field ecology. 

It has been tacitly assumed in almost all analysis 
of field situations (Riley 1951; Lindeman 1942; Hut- 
chinson 1948) that any population of organisms is 
in equilibrium with its instantaneous environment and 
that any change in the number of organisms in nature 
bears a one to one relation with some change or com- 
bination of changes in the environment. This as- 
sumption is more or less directly derived from the 
logistic population growth equation or one of its 
variants. 

In many cases, some one to one correspondence be- 
tween populations and an environmental factor has 
actually beer found. While the existence of a cor- 
relation is not a rigorous proof of a causal relation, 
it seems a priori that such correlations do actually 
represent causal relations when they have been found. 
In certain cases, however, no correlation of this sort 
has yet been found (MaecLulich 1937; Elton 1942; 
Burkenroad 1946) and it seems possible, in the light 
of the above discussion, that as a matter of fact, no 
such correlation need exist. 

In the studies of inter-specifie competition, the 
broad theoretical conclusions ultimately derived from 
the logistic population growth equation have become 
textbook truisms (Volterra 1931). It seems highly 
advisable to re-examine these conelusions in the light 
of the possibility of intrinsic oscillation in one or all 
of the competing species. 


necessary a 


EcoLoGy OF CLADOCERA 


Population density is usually considered to be a 
highly important factor in the physiology of Clado- 
cera and other organisms. This term is usually used 
to indicate a direct effect of crowding on the animals. 
Such direct density effects have been found in many 
micro-organisms, for example, the effect of concen- 
tration of aleohol on the reproductive rate of yeast 
populations (Klem 1933) or the secretion of “auto- 
inhibitory substances” by populations of Chlorella 
vulgaris (Pratt 1940 and 1942). In higher animals the 
fighting that oceurs in crowded rodent populations 
(Errington 1946; Calhoun 1952) or the competition 
between crowded bands of monkeys (Carpenter 1942) 
are examples of direct density effects. Direct density 
effects can be recognized once the relation between the 
size of the population and the limiting factor of the 
environment is known. That is, in the absence of a 
direct density effect organisms will compete with each 
other forthe limiting environmental factor. The 
number of organisms that ean be maintained by the 
environment will be a straight line function of the 
size of the environment, which is taken as propor- 
tional to the limiting factor in the environment. This 
is readily visualized in a simple case where a certain 
minimum of material per animal is required for sur- 
vival. If there is no density effect, the size of the 
population will eventually equal this minimum amount 
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Fig. 27. The numbers of algal cells in samples of 
culture medium plotted against time after feeding for 
populations C6, C2, C3, C4 and C5. The seale is con- 
stant for all five populations. 
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divided into the total amount of the material avail- 
able to the population. This will not be the case if 
the amount of material required by each animal is 
dependent on its interaction with all the other animals 
present. The terms “direct” and “indirect” density 
are equivalent respectively to the terms “social” and 
“non-social,” as used by Hutchinson (1947) and by 
Slobodkin (1953a). 

The attempts to demonstrate the direct density 
effect in Cladocera have usually consisted of raising 
animals in the water which had previously been oc- 
cupied by dense populations of Cladocera. If it had 
been possible to show that these animals differ in 
physiology from animals raised in fresh medium, 
then the direct density effect would have been demon- 
strated. None of these attempts succeeded (Banta 
et al. 1939; Banta & Brown 1929). It has therefore 
been postulated that the direct density effect in Cla- 
docera depends on some volatile or ephemeral sub- 
stance in the medium (Banta & Brown 1929; Pratt 
1943), 
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Past attempts to clarify the problem of the effect 
of density on Daphnia have been hampered by the 
lack of reproducible culture medium. Since the 
medium used in these experiments was much more 
reproducible and constant than any that had pre- 
viously been used, an attempt was made to subject 
the existence of the direct density effect to a critical 
test which would be independent of the nature of the 
density effect. 

However ephemeral the metabolite or other density 
factor might be, if it actually existed it should have 
been impossible for it not to have affected the efficien- 
cy of utilization of the available food supply in the 
populations, unless the density in question is that of 
the food organism, rather than of the Daphnia them- 
Since the total nitrogen determinations were 
made in populations which were not at numerical 
equilibrium and still demonstrated a rectilinear rela- 
tion with food supply, it seems extremely unlikely 
that any major direct density effect occurs at any 
stage of the population cycle. 

It should be noted that not only has it been im- 
possible specially to demonstrate a direct density 
effect in Daphnia, but that all of the results which 
have been explained by a postulated density effect 
can equally be explained by postulating a change in 
food supply (Banta & Brown 1929; Mortimer 1936). 

This conclusion is probably not valid for all Cla- 
docera; in fact, on the basis of the data of Frank 
(1952), it seems extremely likely that a direct density 
effect can exist in Simocephalus when it is competing 
Unfortunately, Frank’s data 
are presented in the form of organisms per ce. 
Nevertheless, we that the number of 
organisms per unit of available food is actually pro- 
portional to the density of organism per ee (which 
seems very likely on the basis of Frank’s publication). 
When a very low proportion of Simocephalus vetulus 
is introduced into a population of Daphnia pulicaria 
the reproductive rate of the Simocephalus is almost 
unaffected by competition with the Daphnia. When 
the number of Simocephalus is increased, the repro- 
ductive rate falls sharply. 

Frank’s analysis of this system indicates that the 
Simocephalus are preferentially feeding on the sides 
and bottom of the container, while the Daphnia are 
using the open central space and that Daphnia have 
a competitive advantage over Simocephalus in the 
open space. 

It is quite likely that Simocephalus could complete- 
ly utilize the food supply in the open water if no 
Daphnia were present, and might then show a linear 
relationship of the kind found in these studies be- 
tween population size and food supply. However, 
in the presence of a dense Daphnia population, the 
Simocephalus will be limited by an interaction be- 
tween surface of the vessel and food supply and in all 
probability the Simocephalus in this mixed species 
population will show a non-linear relation to the food 
supply, due to the direct social competition for space 
on the container walls between the Simocephalus 
individuals. The presence of the Daphnia pepulation 
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essentially reduces the Simocephalus to a_ two-di- 
mensional environment in which direct density effects 
are inevitable. 

It is likely that a similar sort of direct density 
effect could be demonstrated in Scapholeberis and 
several other Cladocera, but the entire situation is 
complex and special. 

It can be seen in Fig. 1 that approximately 40 
days are required for even a very small population 
of Daphnia obtusa to reach any sort of population 
equilibrium at 20°C, and also that the time required 
to reach equilibrium seems to increase with popula- 
tion size. 

The shortest time required to reach equilibrium in 
these studies is longer than the duration of any period 
of constant temperature in the natural habitat of 
Daphnia except perhaps the hypolimnion of a 
northern lake during winter stratification. It there- 
fore seems extremely likely that Daphnia in nature 
never exist in a state of population equilibrium. 

This conclusion is supported by the contrast in re- 
productive rate and morphology between the Daphnia 
at equilibrium in this study and the published deserip- 
tions of the same and related species in nature. The 
experimental animals at equilibrium showed an al- 
most negligible reproductive rate (Figs. 14-25), no 
caudal spines at all, and a ragged and indented cara- 
pace. They corresponded remarkably to the “de- 
generate” Daphnia pulex found by Rammner (1932) 
in an “over-populated” pond. 

It has been found in this study that ephippia are 
produced at the terminal portion of a peak in number 
of animals. This may very well correspond to the 
end of the natural population cycle in nature, since 
the ephippia can resuscitate the population even if 
there are no active animals for some time. The ap- 
parent lack of correlation between number of algal 
cells and number of Daphnia reported by Pennak 
(1946) would also seem to support the absence of 
population equilibrium in nature, since it is obvious 
from Fig. 3 that equilibrium populations are very 
strongly correlated with food supply. 


SUMMARY 


1. Populations of Daphnia obtusa were maintained 
under conditions of controlled food, light and tem- 
perature, and complete censuses were made of them. 
The duration of the censusing period varied from 
212 to 357 days. 

2. Population size is linearly related to food supply 
which demonstrates the absence of a direct density 
effect in Daphnia obtusa. There is no significant 
interaction between Daphnia in the population except 
in their competition for food. 

3. The populations do not follow a sigmoid popu- 
lation growth curve. Intrinsic oscillations, due to 
differences in ecology between different age-size cate- 
gories of animals occur. 

4. Population equilibrium can occur in Daphnia 
obtusa. At equilibrium the population maintains a 
constant size-frequency distribution and reproductive 


rate. 
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5. Time lags are of significance in Daphnia obtusa, 

These lags are of two sorts: “individual” and “popu- 
lation.” An “individual” lag is the time required 
for an individual animal to adjust its physiological 
state to an environmental change. A “population” 
lag is the time required for the age and size distribu- 
tion in a population to adjust to some environmental 
change affecting the entire population. 

6. Reproduction in Daphnia obtusa is extremely 

labile and apparently controlled by food supply. The 
reproductive rate of females in an established popu- 
lation is much lower than that usually found in 
nature. The number of fertile females was more 
variable than their mean reproductive rate and al- 
most always much lower than the number of adult 
females. 
7. Males increase in numbers immediately after an 
increase of total population size has occurred. Ephip- 
pla appear as the reproductive rate of fertile females 
is being redueed. While the mechanism of male 
production is apparently independent of that of 
ephippia production, the two events generally coin- 
cide due to their mutual dependence on the popula- 
tion cycle. 

8. Food algae added at regular intervals are eaten 
out of all the populations in approximately the same 
time after feeding. This time is of the order of ten 
hours when feedings are 48 hours apart. 

9. Populations are larger at 14C than at 20C. This 
may be due to the greater expediture of energy at 
20C compared with the constant supply of food at 
both temperatures. The number of animals in popv- 
lations in which food is sufficiently searce may be 
expected to increase with decreasing energy expendi- 
ture whenever this will not seriously reduce the food 
consumption. . 

10. The time interval between feedings may effect 
the age-size frequency distribution and total number 
of animals in a population, although the mean food 
increment is unchanged. 

A population which was fed every six days, instead 
of every two days, had a larger number of animals 
and appeared to have a smaller mean size per animal 
than populations which received the same total amount 
of food at more frequent feedings. 

11. These experiments seem to cast doubt on the 
general applicability of logistic population growth 
curves, since: (1) Intrinsic oscillations have been 
found which are not predicted by the logistic equa- 
tion; (2) These ean be attributed to 
physiological differences between individual Daphnia; 
(3) Physiological differences of much the same kind 
can be demonstrated in many metazoa. 

12. It is possible that the apparent agreement be- 
tween sigmoid population curves and existing data 
is due to premature termination of experiments, 
averaging of supposedly random populations, and 
arbitrary fitting of curves to data. 

12. It is extremely unlikely that Daphnia ever 
exist in an equilibrium state in nature. 
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